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ABSTRACT 
The mode of inheritance of the halothane reaction is investigated in the 
British Landrace (BL) and Large White (LW) using maximum likelihood (ML) 
techniques. Although positive reaction appears to be inherited as a 
single autosomal recessive gene with incomplete penetrance, alternative 
models had been suggested. The manner in which the h1othane reaction is 
inherited is important in the design of breeding programmes to change the 
gene frequency. 
Stocks included experimental lines selected for or against the halothane 
reaction and animals of commercial origin. Sire family and pedigree 
information was used to test single locus incomplete recessive models 
against complete recessive models of inheritance. ML estimates of gene 
frequency and penetrances were obtained for each model. Complications 
arising as a result of differences in family size and complexity of 
pedigrees are discussed. A completely recessive gene with penetrance of 
70% to 90% for the halothane homozygote (nn) gave the best fit over all 
the data in both breeds. However, about 3% of heterozygotes may react in 
BL when the dam is also a reactor. The cause of this effect could not be 
determined. 
The average halothane gene frequencies in BL and LW sampled from eight 
nucleus breeding company herds in 1982 were estimated to be 0.33 and 0.10 
respectively. The average incidences of reaction were 15% and 1% 
respectively. The increases in incidence from a survey of halothane 
reaction three years previously (13% and 0%, respectively) are not of 
commercial significance. 
The rate at which the gene is eliminated from a line by halothane testing 
is reduced as a result of incomplete penetrance and selection for 
performance traits positively associated with the halothane gene. 
Penetrance is affected by sex, weight of the animal at test, selection 
for halothane reaction and environmental temperature. Therefore a 
standardised test procedure should be used to maximise the number of 
halothane homozygotes which react. 
The expected change in halothane gene frequency in a nucleus herd from 
selection on a single trait or an index was examined by computer 
simulation. It was assumed that the mean phenotypic value of the 
heterozygote was intermediate to the two homozygotes. Compared to a herd 
free of the halothane gene, a more rapid rate of response to selection of 
O.1o, per generation was obtained at intermediate gene frequencies, and 
with an additive value of the gene of 0.5c7,. At very high gene 
frequencies or with selection against the reaction, the the rate of 
response was slower than for a negative herd. Selection on an index 
combining both negative and positive effects of the gene on performance 
traits indicated that a lower rate of response may be experienced in 
herds containing the gene. 
INTRODUCTION 
The halothane reaction of pigs has been creating interest for over a 
decade. The association of the reaction with stress susceptibility has 
provided a tool for selection of animals of a known stress type, 
'resistant' or ' sensitive ' . Also, the reaction in pigs has proved to be 
a useful model for studying the basic defects which may lead to a stress 
episode in both pigs and humans. 
The gene responsible for the halothane reaction provides one of the few 
examples of a major gene in animal breeding of economic importance. The 
reaction is generally believed to be inherited as a single autosomal 
recessive gene with incomplete penetrance. There is a higher incidence 
of stress deaths and poor meat quality post mortem among animals 
homozygous for the gene. The reproductive performance of reactor dams 
may also be impaired. However, halothane reactors show advantages for 
several performance and carcass traits such as feed efficiency and lean 
proportion. 
Despite the apparently simple manner of inheritance, alternative models 
to explain the mode of inheritance of the halothane reaction have been 
postulated in a few studies. Also, estimates of penetrance vary between 
both breed and experiment. Therefore, the manner in which halothane 
reaction is inherited and possible modifiers of the expression of 
reaction are of importance in the design of selection programmes to 
change the frequency of the gene. Such programmes may include 
elimination of the gene from a population, either by halothane testing or 
some other method of genotyping. On the other hand, the advantages of 
the gene with respect to carcass traits may be used in the formation of a 
specialised line. However, whichever decision is made, the effect on the 
selection response in the herd or the potential economic cost of long 
term use of halothane testing would need to be determined. Many of the 
ideas mentioned in this and the preceeding paragraph will be discussed in 
more detail in Chapter 2. 
The two major breeds in the UK pig industry are the British Landrace and 
Large White. 	However, the mode of inheritance of the halothane reaction 
has not been clearly defined in either of these breeds. 	Results on 
investigations of the inheritance in both these breeds by maximum 
likelihood analysis of halothane data are presented in Chapters 3, 4 and 
5. Chapter 3 describes results from British Landrace selected on 
halothane reaction, and also includes the effect of various modifiers on 
the penetrance. The likelihood equation and models of inheritance tested 
are described in detail in this chapter, and the same terminology is used 
throughout the thesis. A pedigree analysis of purebred Large White 
halothane data is described in Chapter 4. 
The change in the frequency of the halothane gene as a result of 
selection on production traits was examined in data of commercial origin 
and by computer simulation. Results are reported in Chapter 5 from the 
test mating to known halothane reactors of British Landrace and Large 
White from eight of the major breeding company nucleus herds in the UK. 
The gene frequency and incidence of halothane reactors was estimated and 
compared to previous observations of incidence within the same herds. 
Also included are halothane test results from three generations of 
individual selection against the halothane reaction in a commercial 
nucleus. The data were made available by the National Pig Development 
Company. These results have been reported in a paper (Mercer and 
Southwood, 1986) which is included in the Appendix. 
Expected changes in incidence of halothane reaction within a herd, as a 
result of selection for a single trait or on an index, were investigated 
by computer simulation, and the results are presented in Chapter 6. The 
effect of various strategies to reduce the frequency of the halothane 
gene on the selection response were examined. Results from the analyses 




THE STRESS SYNDROME IN PIGS: A REVIEW OF THE LITERATURE 
2.1 INTRODUCTION 
The halothane test has been used to varying extents in the pig industry 
as d selection tool against stress susceptibility. Since the test was 
devised in 1974 by Elkelenboom and Minkema, research has concentrated on 
examining particular aspects of the reaction, either physiological, 
biochemical or genetic. Differences between stress susceptible and 
stress resistant animals in carcass traits and metabolism have been 
examined to try to obtain a fuller understanding of the underlying 
pathways which lead to the reaction. 
Despite this, the primary defect remains unknown, and though 	the 
halothane reaction is generally believed to be inherited as a single 
autosomal recessive gene, some anomalies between breeds indicate that 
this simple model may not completely explain all the observations. This 
review will concentrate on the various approaches used to describe the 
mode of inheritance, the factors which could modify reaction to 
halothane, and the application of the halothane test to the pig industry. 
2.2 STRESS SYNDROMES 
Several stress syndromes including Malignant Hyperthermia in man, pigs 
and other animals (Gronert, 1980), Capture Myopathy in wild animals 
(Johannson et al., 1980) and Porcine Stress Syndrome (Allen, 1979) have 
been reported and separately defined, as a result of different triggering 
agents such as anaesthetic, physical or environmental stressors. These 
stress reactions have been incorporated into a general Stress Syndrome 
due to the occurrence of similar clinical symptoms and post mortem 
development of muscle rigidity and pale, watery meat (Lister, 1985). 
The halothane-induced Malignant Hyperthermia (MH) of susceptible pigs has 
generally been used for examination of the underlying biochemical and 
physical developments of the stress syndrome. The symptoms expressed 
during a stress episode have been outlined by several authors (Allen et 
a]., 1973; 	Hall et a]., 1980; Lister, 1985 and Mrak, 1985), with death 
usually resulting from cardiac arrest. 	At the present time, only 
intravenous administration of daritrolene sodium (a skeletal muscle 
relaxant) is known to both prevent porcine MH and reverse the reaction 
once initiated (Kerr et a]., 1978; Okumura et a]., 1980). 
2.2.1 Aetiology 
As yet, there is no clear idea of the primary defect which leads to a MH 
attack, although there are several hypotheses. These have involved: 
I. An intrinsic membrane abnormality (Heffron et a]., 1982; Mrak, 
1985). 
Free radical induced damage of membranes (Schanus et a]., 1981; 
O'Brien et a]., 1984). 
The sympathetic nervous system (Lister, 1985; McLoughlin, 1985; 
Tope] and Hallberg, 1985). 
Intra-cellular calcium regulation (Cheah and Cheah, 1985; Heffron, 
1985). 
A series of pathways implicated in the MH syndrome is shown in Figure 2.1 
and although some of the intermediate steps have not been included, it 
can be seen that many metabolic pathways are involved. 	Therefore it 
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FIGURE 2.1 continued 
Abbreviations used:- 
cAMP = cyclic AMP 
Cch 	= Catecholamines (Adrenaline, Noradrenaline, Dopamine) 
CPK 	= Creatine phosphokinase 
FFA 	= Free fatty acids 
mt 	= Mitochondria 
PA2 	= Phospholipase A2 
PSE 	= Pale, soft and exudative meat 
ScR 	= Sarcoplasmic reticulum 
temp = Body temperature 
See text for references. 
would be difficult to distinguish between cause and effect when stress 
resistant (SR) and stress susceptible (SS) pigs are compared. 
However, the consensus is that events in MH may be attributed to an 
increase in the myoplasmic free calcium concentration at the start of a 
stress episode. Therefore, the ultimate triggering mechanism is probably 
in the skeletal muscle, though the identification of the actual lesion 
may have to await the development of probes for the gene, in order for 
the actual DNA sequence involved to be identified (Archibald, 1985). 
2.2.2 Carcass traits 
Unfavourable meat quality post mortem can be caused by many factors 
including time of last feed, the time and duration of transport, 
environmental temperature and slaughter conditions (Elkelenboom, 1983). 
The two main types of poor meat quality which can arise are called Pale, 
Soft and Exudative (PSE) and Dark, Firm and Dry (DFD). 
2.2.2.1 	PSE may occur in animals which have been subjected to an acute 
stress prior to slaughter, such as a short period of transport. PSE is 
caused by a rapid decrease in pH post mortem at body temperature (Lister 
et al., 1983). 	This leads to extensive denaturation of muscle proteins 
and reduced water holding capacity of muscle. 	This may result in a 
decrease in yield of about 1.6% for mature bacon and about 1% more drip 
loss in fresh meat (Smith and Lesser, 1982). About 80-90% of the 
variation in expression of PSE is thought to be environmental (Kempster 
et al., 1984), so meat quality may be improved in stress resistant 
animals by providing unstressed conditions pre-slaughter (Lister et al., 
1983). However, the use of alpha blockers (for example, 
phenoxybenzamine) 	and beta blockers (for example, propanolol 	and 
carazolol) has been shown to decrease the incidence of PSE in SS animals 
(Lister, 1985). 
The incidence of PSE carcasses is higher in the more muscular, and 
leaner, breeds of pig (Eikelenboom, 1983). 	These are breeds which 
usually have a high incidence of the stress reaction. 	Catecholamines, 
especially noradrenaline, have been implicated in the resulting leanness 
of SS breeds through their role in increasing fat mobilisation (Gregory 
and Lister, 1981). 
The incidence of PSE increased from 6 to 13% between 1972 and 1981 in a 
sample of UK bacon pigs (Wood, 1984). Although an association between 
poor meat quality and increased leanness has been suggested (Wood, 1984), 
the correlation between these traits was low within breed (Kempster, 
1979). It was thought more likely that the increase in PSE was due to 
environmental changes such as transport and lairage times, or stunning 
procedure. However, the introduction of stress susceptible breeds may 
account for part of the increase (Chadwick and Kempster, 1983). 
2.2.2.2 DFD on the other hand usually occurs in animals subjected to a 
prolonged, severe stress, such as a long journey or mixing with strange 
animals (Warriss, 1984). It arises through a depletion of glycogen 
stores in muscle and liver prior to slaughter, so that a high ultimate pH 
results (Lister et al., 1983). This type of meat spoils rapidly and 
therefore has a shorter shelf life. The incidence in UK bacon carcasses 
has changed from about 2.5% in 1972 (Kempster, 1979) to 0.6% in 1981 
(Chadwick and Kempster, 1983). 
2.3 DIAGNOSTIC TESTS 
A planned 	selection 	programme 	for 	the 	elimination 	of 	stress 
susceptibility would be only possible if a non-destructive test were 
available. However, due to the complex nature of a stress reaction, a 
range of descriptive tests have been evaluated in an attempt to diagnose 
SS individuals. These have included:- 
Plasma enzyme activity, for example, creatine phosphokinase 
(CPK), 	lactate dehydrogenase (LDH and LDH5), pyrophosphate 
(Wormer et al., 1978), aldolase (Jorgensen and Hyldegaard-Jensen, 
1981) and pyruvate kinase (Duthie et al., unpublished), 
Contraction of muscle biopsies when triggered by caffeine and/or 
halothane (Kalow et al., 1978), potassium chloride (KC1), thymol 
or suxamethonium (Okumura et al., 1979). 
Erythrocyte osmotic fragility (King et al., 1976; 	O'Brien et 
al., 1985) and free radical damage of the erythrocyte membrane 
(Kiel and Erwin, 1984). 
ATP depletion of the muscle sample (Kalow et al., 1979). 
Incidence of the fluoride-resistant gene which controls plasma 
cholinesterase (Ellis et al., 1978). 
Monoamine oxidase-inhibitory activity in urine (Cohen et al., 
1984). 
Mitochondrial calcium efflux (Cheah et al., 1984; 	Heffron, 
1985). 
Reaction of the animal to several inhalation anaesthetics and 
succinylcholine (Heffron, 1985; Webb et al., 1986). 
Tests i. to vii. may be subject to high variation in expression within 
stress class, and to low repeatability of measurements, thus making the 
diagnosis of stress susceptibility unreliable. For example, measurements 
of serum enzymes are dependent on the method of blood sampling, a precise 
analytical procedure, and a standardized exertion before blood sampling 
(Bickhardt, 1981), whilst a series of thresholds may be observed from 
contracture tests (Nelson et al., 1983). Although these tests may be 
laborious in practice, methods i. and ii. are used in the field of 
human medicine as predictors of susceptibility status (Heffron and 
Mitchell, 1985). The model of inheritance for some of these tests has 
been examined and generally, the more complex the test, the more complex 
a model that was defined (Table 2.1) due to the observation of several 
thresholds. 
2.3.1 The halothane test 
In order to detect stress 
was required which woul 
unambiguous results. The 
1974) was identified as 
these animals. 
susceptible pigs on a commercial scale, a test 
be inexpensive to operate, but which gave 
"halothane test" (Eikelenboom and Minkema, 
a method which could be used to select against 
The standard test involves an 8-week old pig breathing, for a maximum of 
5 minutes, a concentration of between 4% and 8% halothane in 2 litres of 
oxygen per minute through a face mask (for example, Webb and Jordan, 
1978). An animal which remains relaxed throughout the test is classified 
as SR, a halothane non-reactor or negative (HN). A halothane positive 
(HP) reaction is identified by contraction and rigidity of the hind 
limbs, after which the face mask is removed and these SS or halothane 
reactors are allowed to recover. A small percentage of doubtfuls are 
often observed and have been grouped variously with the HN, HP or 
separated into a category of their own. The genotype of these animals 
TABLE 2.1 
Summary of published models to explain the inheritance of stress 
susceptibility in pigs 
Model 	 Breed 	 Penetrance+ 	References 
Single recessive locus 
- complete recessive 	Belgian Landrace 0.64-0.87 (12),(14) 
Danish Landrace (2) 
Dutch Landrace 1.00 (6) 
French Landrace 1.30 (12) 
German Landrace 0.83-1.00 (5),(14) 
Swedish Landrace 0.87-0.95 (7),(15) 
Pietrain 0.50-1.00 (9),(12),(13) 
Pietrain-Hampshire 0.90-0.99 (4) ,(16) 
Yorkshire 0.90-0.99 (7),(10) 
- incomplete recessive 	British Landrace Nn=0.22 (4) 
nn=0.91 
Single dominant locus 	Landrace cross 	 (8) 
Pietrain cross (1) 
Two loci - recessive 	British Landrace 	0.67 	 (4) 
- dominant Poland China x (3) 
Yorkshire 
Multifactorial 	 Pietrain 	 (11) 
Pietrain cross 	 (11) 
+ 	
Penetrance of nn unless specified 
++ Authors: (1) Allen et al (1970); (2) Andresen and Jensen (1977); 
(3) Britt et al (1978); (4) Carden et a] (1983); 
(5) Eiffert (1984); (6) Eikelenboom et a] (1978); 
Gahne et a] (1983); (8) Ha]] et al (1972); 
Hanset et al (1983); (10) Mabry et a] (1981); 
(11) O'Brien et a] (1985); (12) 011ivier et a] (1978); 
(13) Reik et al (1983); (14) Schmitten and Schepers (1979); 
(15) Schneider et a] (1980); (16) Smith and Bampton (1977). 
Triggering agent was halothane except for refs: 
(1) Plasma creatine phosphokinase (CPK); 
(3) Muscle biopsy; 
Ha]othane + Suxamethonium; 
(11) Halothane + plasma CPK + erythrocyte fragility. 
has never been properly examined, due to the very small numbers involved. 
Results from breeding experiments have indicated that reaction 	to 
halothane is inherited as a single autosomal recessive gene with either 
complete or incomplete penetrance, though there are some exceptions 
(Table 2.1). The methods which have been used to analyse halothane test 
results will be discussed in Section 4. 
2.3.2 Effects of the halotharie gene on production traits 
The differences between HP and HN animals for growth, carcass and 
reproductive traits have been compared in several studies over many 
breeds. The results are reviewed by Webb et al. (1982) with the 
following general observations. 
Compared to halothane negative pigs, positive animals on average have 
improved lean content and feed efficiency. They also have a higher 
incidence of PSE and death when subjected to stress, and decreased litter 
size. The size of the gene effect on production traits may differ 
between breeds, with apparently larger effects in the large hammed 
terminal sire breeds. It has been suggested, from comparisons between 
animals of known genotype, that the halothane gene is additive for growth 
traits (Jensen and Barton-Gade, 1985), but recessive for its effects on 
meat quality, reproduction and stress deaths. 
From a comparison between homozygous positive (nn) and negative (NN) 
British Landrace, a net advantage of about 11.70 was estimated for 
positive slaughter pigs resulting from growth and carcass yield alone 
(Webb and Simpson, 1986). However, including the effects of PSE and 
mortality, this advantage was turned into a loss of about £2.90 per 
positive pig. 	The heterozygote, assuming additivity of the halothane 
gene, was predicted to have an advantage of about £0.90 over the 
homozygous negative animal. Similarly, from the average of published 
estimates for terminal sire breeds (Webb et al., 1982) the homozygous 
recessive was estimated to give an economic disadvantage of around 12.62 
compared with the homozygous negative, whilst the heterozygote would have 
an advantage of about 11.40 (Webb and Simpson, 1986). 
It was estimated (Webb et al., 1985) that on a national scale, a net 
benefit of about £20 million per year to the UK pig industry could result 
from a change in the production system. That is, changing from a Large 
White x (Large White x Landrace) system to one where a nn terminal sire 
was used on a NN Fl female to produce all Nn slaughter offspring. 
However, these estimates assume that the halothane gene is additive for 
carcass traits, and that a method of genotyping will be available to 
eliminate the gene from the dam line. 
2.3.3 Methods of genotyping 
It has been proposed that, due to the possible additive effect of the 
halothane gene for leanness and efficiency, selection for these carcass 
traits will lead to an increase in the gene frequency (Smith, 1982). The 
halothane test alone will not detect the heterozygote. Therefore, in 
order for effective selection against the halothane gene, the genotype of 
individuals would need to be determined. There are three main methods 
which have the potential to allow animals to be genotyped at the 
halothane locus. These are discussed below. 
2.3.3.1 Progeny testing 
Animals can be progeny tested either by mating to a large number of 
animals of unknown genotype from the general population, or to known 
halothane reactors (assumed nn) (Schulman, 1980). The population 
incidence would be required for the first method, as well as estimates of 
penetrance, in order to estimate the number of progeny required to 
accurately genotype a parent (Smith and Webb, 1981). 
Progeny testing could allow elimination of the gene in one generation. 
However, due to expense, in practice it may only be possible to progeny 
test males. Also, as a parent could not be used for breeding until the 
phenotypes of its offspring were known, there would be a reduction in 
selection response for carcass traits due to the increased generation 
interval. 
2.3.3.2 Blood typing 
The use of marker loci in conjunction with halothane testing to genotype 
both parents and offspring is outlined by Gahne and Juneja (1985). This 
method uses the linkage relationship between the halothane locus and a 
number of blood type (marker) loci. Although the actual sequence of the 
loci and the distances between them are not known for certain, a recent 
survey of the literature (Archibald and Imlah, 1985) has indicated that 
the most likely sequence is as follows:- 
S 	Gpi 	Hal 	H 	Po2 	Pgd 
R(%) 	7.1 	1.2 	2.6 	2.2 	3.5 
9.9 
where, R(%) = Recombination frequency 
S 	= Suppressor locus for A-U blood groups 
Gpi = Glucosephosphate isomerase 
(formerly, Phi, Phosphohexose isomerase) 
Hal = Halothane 
H 	= Erythrocyte antigen 
Po2 = Postalbumin-2 
Pgd = 6-phosphogluconate dehydrogenase 
The halothane gene may be associated with specific alleles of the marker 
loci, to form a haplotype. However, due to recombination between the 
halothane and marker loci, haplotype frequencies may vary both between 
populations and between families within populations. Therefore, both 
parents and offspring would need to be blood typed in order to determine 
their haplotypes. Although not all families may be informative, over 90% 
of offspring may be correctly genotyped by this method (Cepica et al., 
1984; Gahne and Juneja, 1985). 
2.3.3.3 Molecular genetics 
A molecular genetical approach for obtaining markers close to the 
halothane gene is discussed by Archibald (1985), and involves the use of 
restriction fragment length polymorphisms (RFLP5). The aim of this 
method is to find a DNA marker which would allow determination of each 
halothane genotype. This would then allow elimination of the halothane 
gene from both sexes in one generation with the use of a simple blood 
test. However, the actual cost of such a test and when it would become 
available are at present unknown. These methods could possibly lead in 
the long run to the isolation of the gene, with the subsequent 
identification and understanding of the lesion involved in stress 
susceptibility. 
2.4 ANALYSIS OF THE INHERITANCE OF THE HALOTHANE REACTION 
2.4.1 Statistical methods 
The fit of models describing the inheritance of the halothane reaction 
can be tested using segregation analysis, either classical or complex. 
2.4.1.1 Classical segregation analysis 
Simple or classical segregation analysis can be applied to experiments 
which have been appropriately designed to test a specific model of 
inheritance, such as simple Mendelian transmission for a single locus 
(Table 2.2). These involve matings between animals of known genotype or 
phenotype. The chi-squared goodness of fit test may then be used to test 
how well the model fits the data. 
2.4.1.2 Complex segregation analysis 
Segregation analysis can be used not only to test the fit of simple 
models of inheritance, but also of more complex ones such as incomplete 
recessive, multifactorial or mixed (major gene and polygenic background) 
models. They can also be used to estimate genetic parameters such as 
gene frequencies and penetrance. 
A complex segregation analysis can be applied to most sets of data. 
However, it may only be possible to distinguish between different models 
of inheritance if the experiment has been specifically designed to allow 
them to be tested. For example, the power to distinguish between a 
completely penetrant two locus recessive model and a single recessive 
model with incomplete penetrance decreases with the penetrance 
(Greenberg, 1984). As more parameters are estimated, the power decreases 
further. 
The testing of complex models is well documented in human genetics where 
likelihood models have been developed to test for a major gene effect on 
a continuous trait (for example, Elston and Stewart, 1971). This has 
arisen as human data often has a more complex structure with the 
complication of ascertainment of probands. However, such methodology has 
been little used in animal genetics so far, due to the ease of using 
techniques such as Best Linear Unbiased Prediction (BLUP) (for 
references, see Henderson, 1984) and least squares analyses of variance 
(Harvey, 1977). 	Neither of these statistical procedures is aimed at 
testing models of inheritance. 	Also, until recently there has been 
little incentive to look for genes with major effects in animal 
production. 
2.4.2 Application to the halothane reaction 
The types of data and methods of analysis that have been used to examine 
the inheritance of the halothane reaction are shown in Table 2.2. 
Complications which may arise during the analysis of these types of data 
are reviewed below. 
2.4.2.1 Population data 
Genotype frequencies estimated within a herd or sample may be constrained 
by assuming Hardy-Weinberg equilibrium. However, selection on 
production traits within herds, or the use of testing station results 
(for example, Hanset et a]., 1983), may cause departures fron 
Hardy-Weinberg gene frequency, and so bias the frequency estimate. Also, 
long term studies of halothane reaction spanning several months or years 
may be subject to changes in halothane testing procedures or seasonal 
effects. This may affect the incidence of reaction and give a false 
TABLE 2.2 
Methods used to analyse the inheritance of the halothane reaction in pigs 
a. Population data 










011ivier et al., 1975 
Smith and Bampton, 1977 
Carden et al., 1983 
Hanset et al., 1983 
b. Parents of known phenotype 








Binomial expectation 	Minkema et al., 1976 
Classical segregation Andresen and Jensen, 1977 
Maximum likelihood 	Schmitten and Schepers, 1979 
Maximum likelihood 	Carden et al., 1983 
Classical segregation Reik et al., 1983 
Classical segregation Pazdera et al., 1983 
c. Parents of known genotype 






Classical segregation Luescher et al., 1979 
Classical segregation Mabry et al., 1981 
Classical segregation Eiffert, 1984 
Classical segregation Gahne and Juneja, 1985 
impression of changes in gene frequency over time. 
2.4.2.2 Planned matings between animals of known phenotype 
Errors in analysis may arise due to misclassification of parents. 	This 
may occur if animals are from different herds or sources (for example, 
Carden et al., 1983), where there may be different testing procedures. 
Also, genotype frequencies would need to be estimated conditional on 
parental phenotype (Minkema et al., 1976; Carden et al., 1983) as a 
result of selection of parents. 
2.4.2.3 Planned matings between animals of known genotype 
Genotypes may be derived a posteriori (on previous records) or a priori 
(on present records). In either case, there would need to be an 
adjustment in the analysis to take each method into account (Minkema et 
al., 1976). The analysis may be biased if there has been prior selection 
of parents which gave clear segregation ratios (Luescher et al., 1979). 
Also, the use of either mixed breeds within a data set or crosses between 
two breeds (Mabry et al., 1981; Pazdera et al., 1983) could lead to 
confounding with a breed effect. 
Generally, where data is available for sire families, then a within sire 
analysis, using either maximum likelihood or the method of moments of 
011ivier et al. (1975), would make most use of the available 
information. The test mating of sires to dams of different genotype or 
phenotype could also avoid the confounding of gene frequency and 
penetrance (Carden et al., 1983). 
It was usually the case, that when a single locus model fitted the 
observed data adequately using classical segregation analysis, then no 
C 
other models were tested. However, the incomplete penetrance of the 
homozygous recessive could indicate either an underlying polygenic or an 
environmental effect on reaction. 
There are a few examples of the testing of alternative models of 
inheritance. A maximum likelihood analysis of Pietrain-Hampshire (PH) 
data was used by Smith and Bampton (1977) to test for alternative single 
locus models. A similar analysis was used by Carden et a]. (1983) to 
test incomplete recessive and two locus recessive models against the 
single locus complete recessive model in both PH and British Landrace 
(BL). In both the PH studies, no significant difference was observed 
between the complete and incomplete recessive models. The BL study 
indicated that a significant improvement in fit was obtained over a 
single locus complete recessive model by allowing for heterozygote 
reactions or by fitting a second, recessive suppressor locus. However, 
these two alternative models could not be tested against each other 
(Carden et al, 1983). These results indicated that there was a real 
breed difference in the mode of inheritance, which would need to be 
included in breeding and selection programmes. 
2.5 PENETRANCE AND EXPRESSION 
Although the halothane reaction can be assumed to be inherited as a 
single recessive gene, it is suggested that the expression of the 
reaction itself can be modified. The penetrance, or the proportion of 
reactors, of a genotype can be measured in offspring from matings between 
parents of known genotype. The possible modifiers are reviewed below. 
2.5.1 Genetic effects 
2.5.1.1 Chromosomal genes 
Multiple genes of small effect, or polygenes, as defined by Thompson 
(1973), may lead to the determination or modification of dominance 
relationships, penetrance and expressivity. These may increase or 
decrease expression depending on the genetic background (Roberts and 
Smith, 1982). Estimated penetrance of homozygous recessives varies 
between pig breeds, with a mean of about 89% (Webb, 1981). Different 
genetic backgrounds may therefore exist between breeds. 
Selection for positive reaction may change both the incidence and 
expression (for example, reaction time) of the reaction. An increase in 
penetrance from 78% to 96% over four generations of selection was 
observed in a PH line (Webb and Jordan, 1978; Imlah, 1982). Also, the 
mean reaction time in a similar BL line was observed to decrease between 
generations 1 and 4 (Storey, 1983). Half-sib estimates for the 
heritability of reaction time include 0.16+0.12 for PH and 0.07+0.06 for 
BL (Blasco and Webb, unpublished). Reaction time may also be affected by 
non-additive genetic and environmental effects (Webb, 1981; Storey, 
1983). 
Studies using BL have suggested that blood group genotypes and linkage 
groups may be associated with severity and speed of reaction (Imlah, 
1984). The H
CA  allele at the erythrocyte antigen locus has been linked 
with a proposed suppressor of reaction (Carden et al., 1983; Imlah, 
1984). 
Modification of penetrance has also been observed for certain traits in 
other species. 	In laboratory mice the presence of polydactyly is due to 
a recessive gene. The condition originally had poor expression (Fisher, 
1950) but selection for the character led to its increase and the 
presence of polydactyly in heterozygotes. Similarly, the expression of 
white spotting in mice is dependent on the presence of amajor gene 
(Hulbert and Doolittle, 1973), though the size of the spot is affected by 
modifiers whose frequency can be increased by selecting for increased 
spot size. Expression in the heterozygotes was also observed after 
selection. Non-additive genetic (association of white spotting with coat 
colour), systemic (sex differences in expression) and environmental 
(maternal) effects all played a major role in the expression of this 
trait. 
2.5.1.2 Mitochondrial genes 
A mitochondrial lesion, resulting in the loss of regulation of the 
intracellular ion content has been implicated as a possible cause of 
death in stress susceptible animals (Cheah and Cheah, 1985). Although 
all cytoplasmic organelles are believed to be maternally inherited, only 
mitochondria are known to contain DNA in animals (Hutchison et al., 
1974). In mitochondria, this DNA codes for some of the structural 
proteins of the inner mitochondrial membrane (Watanabe et al., 1985). 
The role mitochondria might play in some human diseases is discussed by 
Merril and Harrington (1985). For example, some anomalies observed in 
the inheritance of Huntingdon's Disease may be explained by allowing for 
a cytoplasmic modifier (Boehnke et a], 1983). 
At the present time, the only known example of phenotypic variation 
directly 	associated with a mitochondrial DNA polymorphism is the 
maternally transmitted antigen (mta) in mice (Lindahi, 1985). 	Results 
indicate that the structural gene for antigenic type is probably encoded 
in the nucleus, but is modified by a mitochondrial gene product (Huston 
et al., 1985). 
2.5.2 Age and Health 
Skeletal muscle needs to be in the right physiological condition to 
undergo the biochemical reactions which lead to the halothane reaction. 
This requires well developed muscles with sufficient energy reserves, 
which are not usually found in young or unhealthy animals (Mabry et al., 
1981; Jorgenson, 1982). It was observed that an animal of less than 5 
weeks of age had a much lower probability of showing a positive halothane 
reaction than one of more than 8 weeks (Carden and Webb, 1984). Other 
hypotheses to explain this observation include more efficient aerobic 
metabolism in muscles of younger pigs (Schulman, 1980), and low activity 
of the enzyme phospholipase A2 in pigs of less than 12 weeks old (Cheah 
et al., 1986). There may be an optimum age for halothane testing which 
varies with breed and may be altered by selection (Webb et al., 1982). 
2.5.3 Sex 
The incidence of halothane reaction is often observed to be lower in 
males than in females at a given age within a breed (Schulman, 1980; 
Hanset et al., 1983; Carden and Webb, 1984). Reaction time has also 
been seen to be slower in males than females (Storey, 1983; Eiffert, 
1984), which may indicate a sex difference in expression of modifiers. 
2.5.4 Environment 
2.5.4.1 External environment 
Environmental temperature is a major stress factor in pigs. 	The 
proportion of deaths during transport 
rises rapidly above 18 C (Allen, 1979). 
environmental temperature may also affect 
halothane test, either by affecting 
individuals, or the efficiency of the hal 






holding prior to slaughter 
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e equipment by altering the 
2.5.4.2 Maternal environment 
Parity and age of the mother affected the expression of white spotting in 
mice (Doolittle, 1983). It was hypothesised that this may be due to the 
intra-uterine environment. No maternal environmental effect on halothane 
reaction has so far been identified. 
2.5.5 Nutrition and Drugs 
The severity of the halothane reaction and the reaction time can be 
affected by changing the electrolyte content of the diet. A diet with a 
low potassium (Jorgensen, 1985) or high magnesium-aspartate (Ludvigsen, 
1985) content led to attenuation of the reaction. Prior treatment of a 
stress susceptible animal with an alpha-blocker or dantrolene may prevent 
the reaction altogether (Lister, 1985). 
White muscle disease produced by selenium 	deficiency 	and 	stress 
susceptibility are believed to be different syndromes (Jonsson et al., 
1983). However, high incidences of stress deaths in pigs have been 
observed where the selenium availability in the diet was low, perhaps due 
to a high polyunsaturated fatty acid content. The effects of feeding 
high concentrations of Vitamin E on the stress reaction is being examined 
(Duthie et al., unpublished). 
2.5.6 Stress prior to test 
There is some indication that the activity of an animal prior to a 
halothane test may influence its susceptibility to triggering, agents 
(Hall et al., 1976), or the time to onset of rigor (Hende et al., 1976). 
A conditioning effect has been observed in some experiments, such that an 
animal's phenotype may change after repeated halothane tests (Pazdera et 
al., 1983), although there may be confounding with the age effect. 
However, no conditioning effect was seen in repeated tests by Webb and 
Jordan (1978) in PH, where the probability of misclassification on a 
single test was estimated at 5+1%. 
2.6 COMMERCIAL SIGNIFICANCE OF THE HALOTHANE GENE 
The overall benefits and losses from the presence of the halothane gene 
in a production system are beginning to be better understood, although 
there have only been a few reports so far on the effect of the gene on 
various carcass traits. 	However in order for a breeding programme to 
incorporate the advantages of the gene, or to initiate 	effective 
elimination of the gene, some questions on the inheritance need to be 
answered. 
In particular, clarification on the mode of inheritance of the halothane 
reaction is required for the two major breeds in the UK pig industry, the 
British Landrace and Large White. The halothane gene is at a very low 
frequency in the Large White. As a result, the inheritance has not been 
examined in this breed. 
An investigation into the presence of heterozygote reactions would need 
to be directed to the commercial population. Although lines selected on 
halothane reaction are a useful research tool, they may differ from 
commercial populations in the frequency of modifiers of reaction. The 
occurrence of heterozygote reactors would increase the probability of 
misclassifying the genotype of an animal on a progeny test. Since 
halothane reaction has been used as an indicator of stress 
susceptibility, the occurrence of stress related problems such as poor 
meat quality and deaths during transport, would reduce the profitabilty 
of producing heterozygote slaughter offspring. 
Recent increases in the incidence of PSE suggest that either slaughter 
conditions are deteriorating or there has been an increase in the 
frequency of the halothane gene in slaughter pigs. A change in the 
distribution of the gene frequency in the parental populations could 
offer one possible explanation for the increase in PSE. 
Effective elimination of the halothane gene depends not 	only 	on 
information on the inheritance, but also on the optimum conditions for 
detecting reactors with the greatest accuracy. The probability of 
reaction may be affected by several factors including breed, previous 
selection history, test procedure, environmental conditions and maternal 
phenotype. These effects would need to be understood so that the test 
could be modified accordingly. 
Finally, the expected change in halothane gene frequency as a result of 
the selection objectives could be estimated given all this information. 
The effect of this change on the selection response could then be 
predicted together with the possible economic effect on the slaughter 
offspring. For example, benefits may be obtained from the possible 
additive effect of the gene on carcass traits, however losses from 
increased mortality and reduced reproduction rate may outweigh these 
effects. Therefore, all these factors would need to be put into context, 
with options available to a breeding company, in order to determine the 
optimum commercial strategy for the use of the halothane gene. 
Chapter 3 
BRITISH LANDRACE HALOTHANE SELECTION LINES 
3.1 INTRODUCTION 
The halothane test has been the most widely used method for reducing the 
incidence of stress susceptibility in pigs. However, in order to make 
optimum use of the test in a breeding programme, further understanding of 
the inheritance and factors modifying the halothane reaction is required. 
A pig's reaction to halothane has generally been assumed to be under the 
control of a single completely recessive gene with either complete or 
incomplete penetrance (Table 2.1). Under this model, animals which are 
either homozygous negative (NN) or heterozygous (Nn) are halothane normal 
(HN), whilst a proportion of homozygous recessives (nn) are halothane 
positive (HP). However, analysis of data from the first generation of 
lines selected for positive or negative reaction in British Landrace 
(Carden et al., 1983) suggested that 22% of Nn react to halothane. 
Therefore, later generations of these lines were crossed and the 
resulting, presumed Nn, offspring were halothane tested to measure the 
proportion reacting. This data, together with the selection lines were 
analysed to obtain estimates for the frequency of Nn reactors. 
The penetrance of a genotype, or the proportion which react, appears to 
vary between breed and test procedure (for example, Eiffert, 1984) and 
may be affected by such factors as season, the sex, age and weight of the 
animal at test, and past selection for positive reaction. The relative 
effects of these on the penetrance of nn offspring were examined in three 
generations of the halothane positive selection line, presumed homozygous 
for the halothane (n) gene. 
Results from the inter-line cross indicated that maternal phenotype 
influenced expression of the reaction in offspring. This would affect 
the number of offspring required in a progeny testing scheme in order to 
avoid misclassification of a genotype. Therefore, a series of 
backcrosses was carried out in the British Landrace stocks to examine 
this effect of maternal type on halothane reactors and to test if it was 
inherited. 
3.2 DATA 
Results from three groups of data are presented. 	All involved British 
Landrace which had been selected for or against the halothane reaction at 
the AFRC Institute of Animal Physiology and Genetics Research (formerly 
the Animal Breeding Research Organisation, ABRO). Animals were 
maintained either at Mountmarle farm in Midlothian or Skedsbush farm in 
East Lothian. 
A standard halothane test was used throughout. This involved pigs of 7 
to 8 weeks old breathing, through a face mask, 80ml halothane per litre 
of oxygen, with an oxygen flow rate of 2 litres per minute. When the eye 
reflex disappeared, the halothane concentration was reduced to 20ml per 
litre of oxygen for the remainder of the test or until the pig was 
declared a positive reactor when the face mask was removed. 
3.2.1 Halothane selection lines 
The origin and maintenance of these lines has been reported by Carden et 
al. (1983). 	Founder animals were purchased from a base population of 
nine commercial herds among which the average incidence of halothane 
reaction was 0.12 (Webb, 1980). Animals were halothane tested on their 
original farms and were selected on their own halothane phenotype. These 
selected animals were assortatively mated in 1979 to form the stress 
susceptible (SS) and stress resistant (SR) lines. Within each line, 
mating was at random, but avoiding only close relatives. There were no 
fewer than 8 boars and 22 litters per generation. 
An individual was selected to be a parent of the next generation on the 
following criteria: 
a. SS line 	i. Own phenotype (HP) 
All full-sibs HP 
Fastest reactors selected within litters 
b. SR line 	i. Own phenotype (HN) 
All full-sibs HN 
All half-sibs HN (from generation 2 onwards) 
Selection was from first parities only. 
The lines are now (1986) in their seventh generation of selection. 
Results from the analysis of the first five generations are reported 
here. The number of animals, incidence of reaction and the test duration 
in each generation are shown in Table 3.1. 
3.2.2 Inter-lines crosses 
Animals were mated both within lines (SSxSS and SRxSR) and between lines 
(SSxSR and SRxSS) at generation 3 (third parity) and generations 4 and 5 
(second parity) to form the inter-line crosses (IL). Assuming that the 
TABLE 3.1 
Number of animals in the British Landrace halothane selection lines 
Offspring 
No. 	 tested 
	
_____________ 	________________________ 	Length 	Month 
Selection 	 of test of 
Generation 	line Sires 	Dams 	Total 	No. HP 	% HP 	(mm.) 	test 
0 	Founder 	67 	187 	1001 	155 	12.2(1) 	3 	November- 
December 
1 SR 14 32 214 12 5.6 3 December- 
SS 14 28 198 117 59.1 March 
2 SR 8 24 191 1 0.5 5 January- 
SS 11 35 246 205 83.3 March 
3 SR 10 29 189 5 2.6 4 February 
SS 10 32 176 155 88.1 
4 SR 9 27 189 3 1.6 4 May- 
SS 10 27 204 190 93.1 June 
5 SR 11 32 218 12 5.5 4 May 
SS 9 31 151 138 91.4 
6 SR 10 25 179 0 0.0 3 June 
SS 10 22 164 155 94.5 
(1) Mean incidence of 9 herds 
SR and SS lines were homozygous for the normal (N) and halothane (n) gene 
respectively, offspring from the (SSxSR) and (SRxSS) classes were 
expected to be heterozygotes (Nn). Boars were mated to four sows, with 
two from each of the selection lines. The duration of the halothane test 
was 8, 5 and 3 minutes at generations 3, 4 and 5 respectively. Table 3.7 
shows the numbers of animals involved and the incidence of reaction 
within each test group. 
The probability of misclassifying the phenotype of a heterozygote on a 
single halothane test was estimated in offspring from generation 5. 
Second parity offspring were given two 3-minute halothane tests, seven 
days apart. The total number of animals involved is shown in Table 3.2. 
3.2.3 Backcrosses 
Female offspring from the (SSxSR) and (SRxSS) inter-line matings were 
backcrossed to boars from the selection lines. Four sets of backcrosses 
(BC) were completed. In BC 1 to 3 only HN females were used, whilst both 
TABLE 3.2 
Total number of animals given two halothane tests to estimate the 
misclassification probability. All animals tested were offspring from 
the generation 5 inter-line cross and were expected to be heterozygous 
for the halothane gene. 
Selection line 
No. sire 	No. 	No. pigs 
Si re 	Dam 
	
families litters tested 
SR 	SS 	 8 	 15 	114 
SS 	SR 	 7 	 12 	 87 
HN and HP females were involved in BC 4. 
The following notation will be used to denote the origin of the putative 
heterozygous Fl females, where + and - indicate dam phenotype 
Selection line 	 Nn females 
Sire 	Dam 	 HN 	HP 
SS 	SR 	 F1 	F1 
+ + 
SR 	SS 	 Fl 	Fl 
Boars were mated to equal numbers of each class (F1 and Fl*") of female. 
The origin of the males and females used in the backcrosses is shown in 
Table 3.3. 
3.3 ANALYSIS 
3.3.1. Maximum likelihood estimation of genotype frequencies and 
penet rance 
3.3.1.1 Selection lines 
The same procedure was used throughout the study to estimate maximum 
likelihood (ML) genotype frequencies and penetrances, with modifications 
depending on the origin of the data. 	The method used to estimate 
genotype 	frequencies in parents and to test different models of 
inheritance will therefore be followed through in detail for 	the 
selection lines. The derivation of the maximum likelihood (ML) method is 
from Elston and Stewart (1971), Cannings et al. (1978) and Hasstedt 
(1982). 
TABLE 3.3 





No. Test date 
BC Gen. Parity Phenotype genotype No. Gen. Parity Phenotype Notation (  farrowed and duration 
1 3 3 HN NN 7 3 3 HN F:ç 25 February 
3 3 HP nn 7 3 3 HN Fl. 20 5 minutes 
2 3 3 HN NN 5 3 3 HN F:ç 23 August 
3 3 HP nn 5 3 3 HN Fl 16 4 minutes 
3 4 1 HP nn 9 3 3 HN F:ç 19 March 
3 3 HN Fl 13 3 minutes 
4 2 HP nn 4 4 2 HN F:L 5 
4 2 HN F:L + 6 
4 5 1 HP nn 7 5 2 HN F:ç 6 April-May 
5 2 HP Fl 3 3 minutes 
5 2 HN F1 8 
5 2 HP Fl 8 
(1) Notation used as shown in Section 3.2.3 
A single locus model for the inheritance of the halothane gene was 
assumed, as the amount of data available was too small to discriminate 
between two- and single-locus models (Greenberg, 1984). Different models 
of dominance, ranging from a complete recessive gene to an incomplete 
C) 
recessive and dominant gene were tested. The notation which is used to 
represent the three genotypes and penetrances is shown below: 
	
Genotype 	Description 	Frequency 	Penetrance 
NN 	normal homozygote 	Q(1) 	F(1) 
Nn heterozygote 	 Q(2) F(2) 
nn 	halothane homozygote 	Q(3) 	F(3) 
The following assumptions are made in the analysis:- 
There is random mating of parents within a selection line. 
The halothane phenotype of an individual is conditional only on its 
genotype. 
There is no difference in genotype frequencies between sires and 
dams within a line and generation. 
The penetrance values for the two sexes are the same. 
Parental genotype frequencies were not assumed to be in Hardy-Weinberg 
equilibrium. Each generation and selection line was analysed 
independently of the others, as though they were separate data sets. 
Although the use of records over several generations could lead to a more 
accurate estimation of genotype frequencies, the computation of the joint 
likelihood function is quite complex. 
The likelihood was defined as the probability of observing the data, 
given the model. 	Two phenotypes were used, negative (z 0 ) and positive 
(Z,) reaction to halothane. Doubtful reactions were classed as negative. 
Two sets of parameters define the model, these are:- 
Parental genotype frequencies, where 
Q(i) = Pr(a parent has genotype I) 
Penetrance probabilities, where 
F(i) = Pr(positivei) 
The following term was defined for use in the computations: 
Phen(zli) = Pr(phenotype z observedgenotype i) 
= zF(i) + (1-z)(1-F(i)) 
where z is the observed phenotype and equals 
0 if the animal is negative 
and 1 if the animal is positive 
Therefore, for any random parent, the probability that phenotype z is 
observed is given by 
Q(i ).Phen(zli) 
The probability of an offspring having genotype k is conditional on the 
genotypes of its parents, and is denoted by Trans(klij). This assumes 
that genes are transmitted following Mendelian segregation ratios. 
Therefore, the joint probability of the observed phenotypes of two 
parents and an offspring, given the genetic model is 
3 	 3 	 3 
Q(i)Phen(z$ji)Q(j)Phen(zdJj)Z Trans (k!ij)Phen(zCIk) 
1=1 	 j=1 	 k=1 
where each sum is over all possible genotypes and z 5 , zo and zc, are the 
sire, dam and offspring phenotypes respectively. As the parents are a 
selected population, the likelihood is calculated conditional on the 
parental phenotypes: 
L = Pr(offspring phenotypeparental phenotypes). 
The conditional likelihood for s sires, mated to a variable number (d) of 
dams, and with a variable number of offspring (c) per dam can be written 
	
s3 	 d3 	 c3 
TT E Q(i)Phen(z j)1T 7 (Q(j)Phen(zJj)1T Y Trans(kIij)Phen(zIk)) 
f1 i:I 	 gSj j4 	 hzi kt 
L = 
s3 	 d3 
11 Y Q(i)Phen(zIi) 7J 	Q(j)Phen(z a jj) 
f=1 jl 	 g=J j1 
A Fortran program was written to derive the likelihood, making use of the 
half-sib family structure present in the data. The package GEMINI 
(Lalouel, 1979) can be used to find by iteration, maximum likelihood 
estimates for several parameters, together with the standard errors of 
the estimates. This program was used to estimate the maximum likelihood 
genotype frequencies Q(i) and penetrances F(i). 
A likelihood ratio test was used to determine which was the most 
"parsimoniousmodel of inheritance. This was the model in which any 
further increase in complexity did not significantly improve the fit to 
the data. In this test, log(HoX) and 1og(FIaX) are the maximum 
log -likelihoods under the null (Ho) or alternative (Ha) hypotheses, 
where the model under Ho is a special case of the model unde r Ha and X is 
the observed data. 
Therefore under the null hypothesis: 
- 2(1og(HoIX)_log(Hal)) 
approximately follows a chi-squared distribution with k-p degrees of 
freedom 
where k = number of parameters estimated under Ha, and 
p = number of parameters estimated under Ho. 
3.3.1.2 Inter-lines crosses 
The majority of sires were used in both the selection lines (SL) and the 
inter-line crosses (IL), therefore these two data sets were pooled within 
generation. This increased the amount of information on each sire and so 
improved the estimates of genotype frequency and penetrance. It was not 
possible within the program to combine data from females mated to several 
sires. Therefore, as females were randomly mated to males, those which 
were used in both the SL and IL were treated as separate females in the 
analysis. ML estimates of genotype frequency and penetrance were 
obtained. 
3.3.1.3 Backcrosses 
Results from BC 1 to 3 were used to obtain ML estimates of penetrance, 
assuming boars were NN or nn and females were Nn. A maternal effect on 
penetrance was examined by fitting separate penetrances for offspring 
from F17 or F1+ dams, and heterogeneity between dam types was tested. As 
offspring from BC 4 were not halothane tested until May 1986, segregation 
ratios within litters were used to test whether the HP guts were Nn or 
nn using a simple chi-squared test. 
3.3.2 Simulation 
The probability of selecting Nn offspring to be parents of the next 
generation was investigated by computer simulation. 
A randomly mating population of 10 sires and 30 dams was generated using 
standard NAG routines (NAG Fortran Library Manual, Mark 11, 1983). 
Parents for the initial generation were randomly assigned a genotype 
given the frequencies predicted from the SR line, assuming a completely 
recessive gene. An average of 7 offspring per dam was generated. Each 
offspring in a litter was assigned a genotype conditional on the 
genotypes of its parents, and a phenotype conditional on both its own 
genotype and the perietrance for the genotype. If one offspring in a 
litter was assigned a positive phenotype, then the whole litter was 
culled, thereby simulating the use of litter information in selection. 
Parents for the next generation were randomly selected from among the 
remaining litters. The line was selected for 6 generations and 200 
replicates were run. The mean gene and genotype frequencies in the 
selected parents over all the replicates were estimated for each 
generation. The expected incidence of reaction in offspring was 
calculated from these frequencies. 
3.3.3 Misclassification probability 
The misclassification probability (m) was estimated by the method of Webb 
and Jordan (1978). The unweighted average proportion of disagreements 
(d) = 2m(1-m). The standard error of m was calculated by: 
I  
SI 	4N(1-2m) 2 
where N = the total number of animals given two halothane tests. 
3.3.4 Modification of penetrance 
Animals from generations 3, 4 and 5 of the SS selection line were 
estimated as homozygous for the halothane gene from the selection line 
study. As less than 100% of offspring gave positive reactions to the 
halothane test, the data from these generations were pooled and analysed 
for the effect of test group, age, sex and liveweight of the tested 
animal on penetrance. The following linear model was used:- 
Y 	= M + G +S 	+D +X +b(A) +b(W) +e 
ijklm 	I 	ii k 	1 	 ijklm 
where Y 	is an observation on the mth pig from the jth sire (S) 
ijklm 
within the ith generation (G). The model accounts for the fixed effects 
of day of test (0) and sex (X) and the covariables age (A) and liveweight 
(W) at test. No interactions were tested due to the small proportion of 
non-reactors in the data. Halothane test results were classified into 
two phenotypes as for the ML analysis. Due to the dichotomous nature of 
the data, an analysis of variance was performed using a logit 
transformation to a binomial distribution using the statlshcal package 
GLIM (Baker and Nedler, 1978). 
The scaled deviances calculated by GLIM, as shown in the results, are 
measures of the departure of observed from expected frequencies. They 
approximately follow a chi-squared distribution and so allow the goodness 
of fit of each variable to be tested using the appropriate degrees of 
freedom. 
3.4 RESULTS 
3.4.1 Selection lines 
Parameter estimates for each of the five models of inheritance tested are 
shown in Tables 3.4a and b for the stress resistant (SR) and stress 
susceptible (SS) lines respectively. The simplest and significantly best 
fitting model in each selection line and generation is shown in Table 
3.5. With the likelihood conditional on parental phenotype the estimated 
frequency of nninheSS line- oçgenerQkIork4asecAc4lLo zero. There was no 
improvement of fit by allowing a proportion of parents in the SR line to 
be nn, or by fitting NN reactors. These parameters were fixed at zero 
for the remainder of the analyses. 
Overall, a completely recessive gene (F(2)=O.0) with 	complete 	or 
incomplete penetrance was the simplest best fitting model. An incomplete 
recessive model gave a significantly better fit to the data only in two 
out of ten cases. These were at generations 2 (SS line) and 4 (SR line), 
in which the estimated proportions of Nn reactors were 0.22±0,16 and 
0.10+0.09 respectively. It was estimated that the SR line contained a 
proportion (0.21 to 0.54) of heterozygous (Nn) parents up to generation 
5. The SS line was estimated to be homozygous (nn) from generation 3. 
The five generations were pooled to obtain an overall test for the 
incomplete recessive model in the SR line, and the results are shown in 
Table 3.4a. The test results were not truncated to a 3-minute test due 
to the very small number of positive reactors. The incomplete recessive 
model did not fit the data significantly better than the complete 
recessive model, and there was no significant heterogeneity between the 
generations for either model. 
TABLE 3.4 
Models of inheritance tested within each British Landrace halothane selection line and generation. 	The 
maximum likelihood estimates of genotype frequency and penetrance (+standard errors) are shown for each 
genetic model. Figures in parentheses indicate parameters which were flied in the model. 
a SR line 
Parental genotype 
frequency 	 Penetrance 
Gen 	Model (4) 	Q(1) 	Q(2) 	se 	F(1) 	 F(2) 	 F(3) 	 -2loglik 5 
1 	 (1) (0) 0.056+0.016 - 	 - 92.460 
2 0.495 0.505 0.101 	(UT (0) (1) 84.714 
3 	 0.454 0.546 0.120 (0) (0) 	0.732+0,264 83.838 
5 0.695 0.305 0.134 	0.000 0.178±0.172 	1.000 82.992 
1 	 (1) (0) 0.005+0.005 - 	 - 12.500 
2 	2 0.776 0.224 0.121 	(UT (0) (1) 15.276 
0.000 1.000 (0) (0) 	0.021+0.021 13.240 
5' 	' 0.900 0.100 0.113 	0.000 0.055+0.088 	1.000 13.240 
3 	1 	 (1) 	(0) 	 0.026+0.012 	- 	 - 	 46.195 
5 0.624 0.376 oS 	0.000 	 0.000 1.000 36.598 
1 	 (1) 	(0) 	 0.016+0.009 	- 	 - 	 30.810 
4 	3 0.618 0.382 0.117 	(UT 	 (0) 1.000 37.904 
5 	 0.795 	0.205 	0.123 0.000 0.095±0.092 	1.000 	 32.656 
1 (1) (0) 0.055+0.015 	- 	 - 92.918 
5 	3 0.545 0.455 0.114 	(UT 	 (0) 1.000 70.586 
5 0.548 0.452 0.142 0.000 0.001±0.028 	1.000 70.584 
1-5 	3 	 0.675 	0.425 
	
0.056 	(0) 	 (0) 
	
0.816+0.173 	247.083 
4 0.640 0.355 0.062 (0) 0.021+0.017 
	
1.00CF 	 244.896 
b SS line 
Parental genotype 
frequency Penetrance 
Gen Model (4)  Q(2) Q(3) se F(1) F(2) F(3) -21oglik 5 
1 (0) (1) - - 0.591+0.035 268.904 
4 0.999 0.001 (0) 0.000 0.864 241.564 
1 4(7) 0.316 0.684 0.090 (0) 0.000 0.864+0.053 241.564 
4 0.825 0.175 0.060 (0) 0.383+0.108 (1) 248.770 
4(7) 0.643 0.357 0.107 (0) 0.383T0.108 (1) 248.769 
1 (0) (1) - - 0.833+0.024 221.676 
2 4 0.513 0.487 0.182 (0) 0.219+0.161 0.937T0.029 207.708 
5 0.653 0.347 0.109 0.000 0.872+0.083 (T) 209.002 
4 0.000 1.000 - 0.000 0.881+0.024 128.680 
3 4 0.585 0.415 0.105 (0) 0.802-'-0.084 1.0007 129.742 















4 4 0.476 0.524 0.126 (0) 0.877±0.070 1.000 104.610 
4 0.643 0.357 0.094 (0) 1.000 1.000 115.690 
4 0.000 1.000 - 0.000 0.914+0.023 88.608 
5 4 0.649 0.351 0.106 (0) 1.000 (T) 90.594 
4 0.390 0.610 0.119 (0) 0.729+0.140 (1) 89.782 
TABLE 3.4 Continued 
(4) 	SR line 	Model 	1 Q(1) = 1.0 
2 Q(1) . 1.0 F(1) = F(2) = 0.0 	F(3) = 1.0 
3 Q(1) 1.0 F(1) = F(2) = 0.0 	F(3) . 	1.0 
4 Q(1) 1.0 F(1) = 0.0 F(2) 	0.0 F(3) 	1.0 
5 Q(1) , 1.0 F(1) > 0.0 F(2) 	>, 0.0 F(3) 	. 1.0 
SS line 	Model 	1 Q(3) = 1.0 
4 Q(3) <1.0 F(1) = 0.0 F(2) 	0.0 F(3) 	1.0 
5 Q(3) . 1.0 F(1) >,0.0 F(2) 	>,0.0 F(3) , 	1.0 
-2loglik = -2 x maximum log e likelihood for the model given the data 
Models 3 and 5 fitted the data equally well due to only one reacting 
offspring in the data 
(7) Parental phenotypes were not used in the analysis 
TABLE 3.5 
Maximum likelihood estimates of genotype frequency and penetrance in the British Landrace 
halothane selection lines 
SR line SS line 
Genotype frequency (l)  Penetrance Genotype frequency (l)  Penetrance 
Gen NN Nn Mn nn Mn nn Nn 	nn 
1 0.45 0.55 0.00 1.00 0.32 0.68 0.00 	0.86 
2 0.78 0.22 0.00 1.00 0.51 0.49 0.22(2) 	0.94 
3 0.62 0.38 0.00 1.00 0.00 1.00 - 	 0.88 
4 0.79 0.21 
0.10
2 1.00 0.00 1.00 - 	 0.93 
5 0.55 0.45 0.00 1.00 0.00 1.00 - 	 0.91 
Frequency of nn (SR line) and NN (SS line) was set at 0.00. 
Standard error of genotype frequency (Mn) ranged from 0.09 to 0.18. 
The incomplete recessive model fitted the data better than a complete 
recessive model at the 1% and 5% significance levels for 
generations 2 and 4 respectively. 
3.4.2 Simulation 
Considering that intensive selection had been used against the halothane 
gene, with individuals selected on both full- and half-sib information, 
the incidence of reaction in the SR line did not appear to be decreasing. 
Therefore, the probability of obtaining incidences as extreme as those 
observed was calculated from the simulation and the probabilities were 
derived at each generation from the 200 replicates. These probabilities 
are shown in Table 3.6. 
TABLE 3.6 
The 	probability of obtaining as high an incidence of reaction as that 
observed in the SR Landrace line. Selection of individuals from all 
negative litters was simulated over 6 generations. Probabilities were 
estimated from the proportion of replicates with an incidence of reaction 
as high or higher than that observed in the selection line. A total of 
200 replicates were run. 
Incidence of 	 Estimated probability 
reactors (%I-IP) of obtaining as high 
Generation 	 ---- 	 an incidence as that 
Observed 	Expected observed 
Mean 	se 
1 	 5.6 5.3 1.60 0.415 
2 	 0.5 2.0 1.01 0.945 
3 	 2.6 1.2 0.77 0.125 
4 	 1.6 0.8 0.65 0.235 
5 	 5.5 0.6 0.53 0.000 
6 	 0.0 0.4 0.45 1.000 
There was a high probability (P>0.12) of obtaining incidences of reaction 
as high as those observed in all generations except generation 5 
(P<0.001). It is not known what could have caused the incidence of 
reaction to increase to 5.5% in this generation. 	However, 	when 
individual replicates were examined, and a random sample of the 200 
replicates are plotted in Figure 3.1 extreme changes were sometimes 
obtained as a result o f random genetic drift. The simulation showed that 
chance sampling could provide a possible explanation for the high and 
non-consistent changes in the estimated genotype frequencies. 
3.4.3 Inter-lines crosses 
The overall incidence of reaction observed in the (SR x SS) and (SS x SR) 
classes pooled over generations 3 to 5 (Table 3.7) was 0.199, which was 
similar to the 0.22 estimated by Carden et al. (1983) for generation 1. 
However, although the SS line was likely to be homozygous, it was 
probable that some parents in the SR line were heterozygotes (Table 
3.4a). Therefore, in order to test for Nn reactors, results from the 
selection lines (SL) and inter-lines (IL) were pooled. Maximum 
likelihood (ML) estimates of genotype frequency and penetrance were 
obtained for both the complete and incomplete recessive models. It was 
assumed that the SS line was homozygous for the halothane gene, that 
there were no NN reactors and that no nn parents were selected for the SR 
line. The results were not truncated to a 3-minute test due to 
confounding of generation with test duration. 
The parameter estimates from the two models are shown in Table 3.8. 	It 
was seen that the incomplete recessive model was the significantly best 
fitting model only in generation 3, where an incidence of 0.033+0.014 Nn 
reactors was estimated. 
Another observation, consistent with the conclusion that Nn parents were 
responsible for the majority of reactions in the IL, was that segregating 
% HP 
Figure 3.1 
Incidence of halothane reaction (% HP) observed 
in the SR British Landrace selection line. Expected 
incidences are from a simulation of selection against 
the halothane reaction using full-sib halothane 
information. The overall mean incidence and 4 
examples from the 200 replicates are shown. Genotype 
frequencies in parents of the initial generation 




Mean or repLLcaes 
IndLviduaL repticabes 
TABLE 3.7 
Number of animals and incidence of reaction in the British Landrace Inter-lines 
Selection line No. litters 








Affected' 	' Tested RN HP % HP A 
B 
7 2 57 55 2 3.5 SR SR 6 









4.7 4.08* 14.93* 
3 SS SR 7 
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13 
9 9 70 12 58 82.9 SS SS 
10 1 86 81 5 5.8 SR SR 7 

















14 14 109 7 102 93.6 
11 0 97 97 0 0.0 SR SR 7 

















10 10 88 7 81 92.0 
3 240 233 7 2.9 SR SR 20 28 

















33 33 267 26 241 90.3 
Affected litter: one or more HP offspring 
Offspring received an 8-, 5- or 3-minute halothane test at generations 3, 4 and 5 respectively 
Significance tests : 2x2 contingency table 
A: Heterozygote reactions (SRxSR) - 1/2 [(SRxSS)+(SSXSR)] 
R Rinrnca1 difference 	(SRxSS) - (SSxSR) 
TABLE 3.8 
Estimate of genotype frequency in the SR line and penetrance under the complete and incomplete recessive models. 
Results are for pooled data from the British Landrace Selection lines and Inter-lines at generations 3, 4 and 5. 
Complete recessive model (Ho) 
Genotype 
frequency 	Penetrance 
Gen 	NN 	se 	nn 	se 
	
Incomplete recessive model (Ha) 	 Significance test 
Genotype 	
2 frequency Penetrance 	 -2(logHo-logHa) 
NN 	se 
	
Nn 	se 	nn 	se 	 X2(1) 
3 0.632 0.079 0.856 0.024 0.753 0.077 0.033 0.014 	0.871. 0.022 15.73 ** 
4 0.638 0.084 0.929 0.015 0.688 0.087 0.009 0.009 	0.931. 0.014 3.00 NS 
5 0.646 0.077 0.925 0.016 0.646 0.077 0.000 - 	 0.92E 0.016 0.00 NS 
(2) LogHo = Maximum log  likelihood under Ho; LogHa = maximum log  likelihood under Ha 
litters were confined to a few sire families (Table 3.7). Also, within 
these litters, the proportion of reactors observed was not significantly 
different (P>0.05) from that expected from a single recessive gene with 
incomplete penetrance of nn. 
A reciprocal difference in incidence observed between the (SS x SR) and 
(SR x SS) classes was significant over all 3 generations (P<0.01) (Table 
3.7). It was seen that a higher proportion of reacting offspring came 
from HP dams. The halothane reaction has not been found to be either 
sex-limited or sex-linked (Andresen, 1985). Also, there were no 
consistent differences between the reciprocals in age or weight at test 
in this data, which could have provided a possible explanation for the 
reciprocal difference. However, a difference in genotype frequency 
between male and female parents could have led to the difference. 
To test this, ML genotype frequencies were estimated for SR sires and 
dams separately using progeny results from the (SR x SS) and (SS x SR) 
classes. The results are shown in Table 3,9 and indicated that a higher 
frequency of Nn sires than dams would be needed in each of the 3 
generations to account for the observed reactions. Though due to the 
small number of sires involved, this difference was only significant in 
generation 3. The genotype frequency estimates indicated that at least 3 
Nn sires were selected in each generation. The probability of this 
occurring, given the estimates of genotype frequency in Table 3.4a was 
only 0.01. An alternative hypothesis for the reciprocal difference is 
that a maternal influence on reaction, either genetic or environmental, 
gave rise to the higher incidence of reactors from HP dams. This effect 
was tested in the backcrosses. 
TABLE 3.9 
Maximum likelihood estimates of genotype frequency in sires and dams from 
the SR line used in the Inter-line 
(2) 
Freqency Nn 	Penetrance 	Significance 
test 
2 
Gen 	Sire 	Dam 	Nn 	nn 	X (1 ) 
3 	0.533 0.086 0.026 0.87 3.97 	* 
4 	0.301 0.279 0.018 0.93 0.01 	NS 
5 	0.630 0.317 0.000 0.92 1.94 	NS 
(2) X ) = Heterogeneity between sire and dam estimates 
3.4.4 Backcrosses 
Maternal inheritance can arise in either of two ways. Two phenotypes may 
differ in the cytoplasmic hereditary material transmitted to their 
progeny or females of the two lines may differ in their environmental 
effects on reaction of their progeny. In each case offspring would 
resemble their maternal line. However, maternal determination of progeny 
phenotype from nutritional or behavioural differences would not be 
transmitted to the next generation. On the other hand, with cytoplasmic 
inheritance, the difference would persist undiminished through successive 
generations of females. 
Results from Backcrosses (BC) 1 to 3 indicated no difference between 
reciprocal test matings in incidence, either within a BC or over the 
pooled results (Table 3.10). There was also no difference in penetrance 
estimates when results from dams of the two maternal types (FIT and F1+) 
were analysed separately, except in BC2 where higher penetrances were 
TABLE 3.10 
Observed incidence of reaction (% HP) from Backcrosses 1, 2 and 3 
Selection line Significance tests (2)  
No. No. No. 
BC Boar Female' 	' sires litters offspring % HP A B 
1 SR F1 7 15 92 2.2 NS NS 
SR F1 7 10 76 53 * 
SS F1 7 10 58 37.9 NS NS 
SS Fl 6 10 58 32.8 * 
2 SR F1 5 11 88 8.0 ** NS 
SR Fl 5 9 75 0.0 NS 
SS F1 5 12 115 53.9 NS NS 
SS F1 4 7 63 42.9 NS 
3 SS F1 13 24 187 26.7 ** NS 
SS F1 12 19 122 27.0 ** 
Total SR F1 8 26 180 5.0 ** NS 
SR F1 8 19 151 3.3 * 
SS F1 23 46 360 37.2 ** NS 
SS Fl 24 36 343 32.5 ** 
Maternal type of dam: F1, SR dam; F1, SS dam 
Significance tests A: 	Chi-squared test (ldf); Observed-Expected incidence. 
Expected incidences are for completely recessive gene with 
penetrance of nn=0.9 
	
B: 	Difference between proportion of reactors from F1 and Fl dams 
obtained from F1 dams (Table 3.11). This was opposite of that expected 
from maternal inheritance. Therefore, there was no evidence to support a 
cytoplasmic form of inheritance of the halothane reaction using these 
data. 
TABLE 3.11 
Maximum likelihood estimates of penetrance from Backcrosses 1, 2 and 3 
(1) 
Penetrance 
Nn 	 nn 
+ 	 + 
	
BC 	 F17 	Fl F1 	Fl 








3 	 0.00 
	
0.53+0.05 
Total 	 0.09+0.02 
	
0.62+0.05 
(1) Where pooled estimates are given, there was no significant 
difference in penetrance between maternal class of dam. 
F17, offspring of SR darn; F1 offspring of SS dam. 
Assuming a complete recessive model (with penetrance of nn = 0.9), no 
reactors were expected from SR sires. Although as many as 8% of 
offspring reacted, these could all be explained by the sires being Nn. 
45% reactors were expected from SS sires. However, significantly fewer 
reacting offspring were obtained in BU and 3 (mean of 35.1%), whilst an 
excess of reactors (48.4%) were observed in BC2. The possible causes of 
this discrepancy are discussed below. 
3.4.4.1 Parity effects 
There was no difference in the proportion of contemporary offspring 
reacting from parity 3 sows and parity 1 guts in BC3, or between sows 
used in both BC1 and 3 indicating that parity has little effect on 
reaction. 
3.4.4.2 Test duration 
The changes in incidence of reaction among backcrosses 	were 	not 
consistent with differences in length of test. 
3.4.4.3 Season effects 
BC1 and 3 were both tested in winter (February to March) and BC2 in 
summer (August). 	Several Nn females had been repeat mated to nn boars 
over two or three of the backcrosses. 	Incidence of reaction for 
offspring tested in summer (BC2) or winter (BC1 or 3) were compared 
within dam. A significant difference (P<0.01) was only obtained from the 
comparison of BC2 with BC3 (53% v 35.7% respectively, n=16). Reaction 
times of offspring, after accounting for age, sex and weight were 
significantly slower (P<0.01) in winter (pooled BC1 and 3) than summer 
(BC2), and were 124.4+5.4 and 91.5+6.6 seconds respectively. Significant 
variation in reaction time between day of test within season was also 
observed (P<0.01). 
3.4.4.4 Backcross 4 
Table 3.12 shows the incidence of reaction in each of the four mating 
classes from BC4. The results were consistant with the hypothesis that 
all the HP dams were nn, as an average of 91% reactors were observed 
compared with 90% expected from a completely recessive gene with 90% 
penetrance. A significant difference (P<0.01) in the proportion of 
TABLE 3.12 
Incidence of reaction (% HP) in Backcross 4 
Selection line Significance tests (2)  
Phenotype  
(1) 
of No. 	No. 	No. 
Boar Female female sires litters offspring 	HP 	A B 
SS F1 HN 5 	6 	36 	50.0 	NS MS 
SS F1 HN 6 	8 	58 	60.3 
SS F1 HP 3 	3 	23 	82.6 	NS ** 
SS F1 HP 4 	8 	65 	98.5 
 Maternal type of dam: Fl 	
+ 
, 	 SR dam; 	Fl , 	SS dam 
 Significance tests 	A: Chi-squared test (ldf); 	Observed-Expected incidence. 
Observed incidences are for F1 	and F1+  dams pooled 
within dam phenotype. 
Expected incidences are for a completely recessive gene 
with penetrance of nn=0.9. 
B: Difference between proportion of reactors from F1 	and 
Fl 	dams within dam phenotype 
reactions between progeny from (SS x SR) and (SR x SS) dams within 
phenotype class was only observed for HP dams (P<0.01). 
3.4.5 Misclassification probability 
The number of animals given two halothane tests, and the proportion of 
disagreements observed are shown in Table 3.13. The overall proportion 
of disagreements was d = 0.060. Therefore, the average misclassification 
probability (m) was estimated as m = 0.031 4- 0.009. 
12 
Significant heterogeneity in the proportion of disagreements (X)= 8.71,- 
P<0.05) was observed between test days. In order to look at this in more 
detail, offspring were divided into two groups based on selection line of 
their dam. The results indicated (Table 3.14) that the heterogeneity 
appeared to arise mainly from the mating class where the dam was a 
reactor. 
3.4.6 Modification of penetrance 
The mean age and weight (and standard deviations) of animals at test in 
each of the three generations of the SS line is shown in Table 3.15. 
Results from the GLIM analysis are shown in Table 3.16. 	Three animals 
from one litter in Generation 3 were not included in this analysis, as 
they were 2.9 sd above the average age for that generation. The analysis 
indicated that the effects of age and weight of pig with respect to 
reaction type were highly significant (P<0.01). The error deviance was 
increased by 10.2% when the weight effect was omitted from the full 
model, but was only increased by 4.3% when age was omitted, indicating 
that the effect of weight had the major effect on penetrance. 
TABLE 3.13 
Number of offspring from the generation 	5 inter-line which 
received two halothane tests. Animals were given their first 
test at 47+3 duc  old 
- I UQ 	 iaei. I 	I 
animals were tested within a five week period. 
Test day 
1 	2 	3 	4 	Total 
No. animals 
tested twice 52 95 17 37 201 
No. animals reacting 
on both tests 24 16 6 3 49 
No. animals reacting 
on first test only 6 4 0 0 10 
No. animals reacting 
on second test only 1 1 0 0 2 
Total number of 
disagreements 7 5 0 0 12 
Proportion of 
disagreements 0.135 0.053 0.000 0.000 0.060 
TABLE 3.14 
The probability of misclassifying the halothane phenotype on a single 
halothane test in offspring from the (SRxSS) and (SSxSR) inter-line 




Test for 	 probability 
heterogeneity Overall 	 - 
proportion of 
(X (3) ) 	disagreements 	m 	se 
SR SS 8.44 	* 0.053 0.027 0.011 
SS SR 2.64 	NS 0.069 0.036 0.015 
There was no apparent generation, sire, day of test or sex effect on 
reaction. The regression of incidence of reaction on weight class 
(divided into 2kg intervals), when weighted by the number of observations 
within each class, was significant (P<0.05) at b = 0.017kg ± 0.006. 
TABLE 3.15 
Mean age and weight at test of offspring from the SS Landrace line at 






sd 	Mean 	sd 
3 53.32 2.34 13.04 2.93 
4 50.39 2.54 15.60 3.05 
5 50.37 1.84 16.03 2.63 
Total 51.02 2.89 14.87 2.87 
TABLE 3.16 
GLIM analysis of incomplete penetrance in generations 3, 4 and 5 of the 
SS line 
Scaled Significance 
Source df deviance level 
Generation 2 1.5 P>O.2 
Sire/generation 26 31.9 P>0.1 
Day of test 15 11.8 P>O.2 
Age 1 8.0 P<0.01 
Sex 1 0.1 P>O.2 
Weight 1 25.9 P<0.01 
Error 481 228.5 
3.5 DISCUSSION 
3.5.1 Estimation of genotype frequencies 
Selection for a recessive character would be expected 	to 	result 
immediately in a line homozygous for the gene (Falconer, 1981). As this 
did not occur until the third generation of selection, the data appeared 
to 	support the incomplete recessive model, in which reacting Nn 
individuals could be selected. 	Similarly, 	selection 	against 	the 
character would be expected to lead to an initial, rapid decrease in the 
incidence. This decrease would stabilize as the 	removal 	of 	Nn 
individuals became more difficult. 	In the SR line, the incidence of 
reaction fluctuated around 5% over the 5 generations. 
Overall, a completely recessive gene with incomplete penetrance was the 
simplest best fitting model to the majority of the halothane data, apart 
from generations 2 (SS line) and 4 (SR line) with estimated proportions 
of 0.2 and 0.1 Nn reacting respectively. However, these estimates did 
not differ significantly from zero. This result differs from that of 
Carden et al., (1983), who reported that an incomplete recessive model 
gave the better fit to data from generation 1. It is possible that 
differences in the underlying assumptions gave rise to the different 
conclusions on the model of inheritance in the two studies. Both the SS 
and SR lines were analysed together in the Carden analysis. It was also 
assumed that parents of the first generation were a random and 
representative sample of the genotypic frequencies within the founder 
herds. Also, misclassification of parental phenotypes would lead to 
biases in gene frequency estimates and subsequent estimation of 
penet ran ce. 
Data from the first generation of the SS line also created problems in 
analysis in this study. The phenotype of selected parents may therefore 
be subject to error. Two initial generations of random mating among the 
founders would have removed this problem and allowed for a simpler 
analysis of the inheritance. 
Later generations of the selection lines did not provide sufficient 
material to allow discrimination of genetic models, due to the presence 
of few segregating litters. An analysis combining the five generations 
in a pedigree form, for example using the computer package PAP (Hasstedt, 
1982), would perhaps have given more accurate estimates of the genotype 
frequency and provided a more sensitive test for alternative models of 
inheritance with the selection line data. PAP, however, was not 
available for use until after the end of this study. The use of PAP on 
some halothane data from Large White is reported in Chapter 4. 
Selection in the SR line used information on full- 	or 	half-sib 
phenotypes, therefore the frequency of Nn was expected to be low and to 
decrease over the five generations of selection. 	There 	was 	no 
significant 	heterogeneity in parameter estimates among 	the 	five 
generations, and the frequency of Nn varied over the range 0.21 to 0.54 
with no consistent change between generations. 	This may have been a 
result of the small sample size as indicated by the simulation. 	This 
shows the difficulties of eliminating the gene from a population by using 
only selection on halothane phenotype, such that erratic changes in 
incidence would not be unexpected. 
3.5.2 Heterozygote reactions 
Problems with misclassification of parental pkendkype became apparent when 
the inter-line (IL) results were analysed. If it were assumed that the 
selection lines, SS and SR, were homozygous nn and NN respectively, a 
proportion 0.20 of Nn reactors were estimated to be reactors. This was 
similar to the 0.22 of Garden et al., (1983). However, most of these 
reactions could be accounted for by the presence of Nn parents in the SR 
line. Only in the generation 3 IL did an incomplete recessive model 
provide a better fit than a complete recessive model, giving an estimate 
of 0.033 Nn individuals reacting. The results from Backcross 4 could be 
used to substantiate this conclusion. An average of 91% of offspring 
from HP dams reacted, which was to be expected if the dams were nn. 
These results are of importance if a scheme for genotyping by progeny 
testing to known nn were to be employed. To genotype an animal with 95% 
probability, 40 offspring would be required, given the penetrance values 
for Nn and nn as 0.22 and 0.91 respectively. Even if only 5% of Nn 
individuals react, 18 offspring would be needed to separate Nn and NN 
parents. Therefore, if progeny testing is to be used as a method for 
eliminating the gene in British Landrace, the uncertainty over penetrance 
estimates needs to be born in mind. 
The probability of misclassifying phenotypes was estimated from the IL 
results on a 3-minute test as 3.1+1%, which agrees well with previous 
estimates of between 4 and 5% for misclassifying homozygous reactors 
(Webb and Jordan, 1978; Schworer, 1982). The heterogeneity observed 
between test days appeared to be caused by the class where the dam was a 
reactor. No conclusion can be drawn about this result due to small 
numbers, but it could indicate that some animals were more susceptible to 
external effects on penetrance than others. 
3.5.3 Modification of penetrance 
The penetrance of the halotharie reaction may be affected by both 
environmental and genetic factors. Results from the British Landrace 
suggested that both reaction time and the sex difference in reaction may 
be modified by selection for positive reaction. A shift in reaction time 
from 111 seconds in generation 1 to 64 seconds in generation 4 was 
observed (Storey, 1983). Also, although a significantly higher incidence 
of reaction wasobsei-ved knaksinLeIrthit generations (Carden and Webb, 
1984), by generation 3 this d;fi-awcisno longer significant (Figure 3.2). 
However, as no animals of a similar genetic base were available to act as 
controls these conclusions should be taken with caution. 
Within generation, one of the main factors affecting reaction appeared to 
be liveweight at test. This is in agreement with reports that good 
muscle development and energy stores are needed for positive reaction 
(Mabry et al., 1981; Jorgenson, 1982), and suggests that a high age or 
s- S'J LLiC 3 . C. 
Incidence of halothane reaction (% HP) in male (M) 
and female (F) offspring in 5 generations of selection 
for halothane reaction. (Mean ± 95% confidence 
interval). 
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M 	b , 	 N 	 L"i 	r 
1 2 3 4 	 5 
Generation 
weight at test is required to obtain the maximum proportion of reactions. 
Practical application of the halothane test may place an upper age at 
which animals can be tested. 
The higher proportion of reactions from Nn offspring which had a HP dam 
suggested the presence of a maternal effect on the halothane reaction. 
The genetic nature of this effect could not be confirmed from the 
backcrosses, as there was no evidence to support a cytoplasmic pathway 
for the inheritance of penetrance. Also, a mechanism by which a maternal 
environmental effect could influence halothane reaction some weeks after 
weaning is unknown. 
Seasonal effects, most probably environmental temperature, could affect 
both the incidence and expression of the halothane reaction, either 
directly on the animals or indirectly on the halothane equipment. 
Temperature effects on stress susceptibility have been well documented, 
especially with respect to deaths during transport (Allen, 1979). 
However, the effects of temperature on the operation of the halothane 
vaporizer in temperatures outside the range for which it was intended, 
that is, an operating theatre, have never been examined. There may also 
have been a deficiency of nn offspring due to higher prenatal mortality 
of this genotype (Imlah, 1982). Both of these effects may explain some 
of the reduction in penetrance in this backcross. 
Similarly, selection for negative reaction could lead to the gene 
becoming completely recessive through selection of modifiers. Therefore, 
it may be possible to confer a stress resistant background on a 
homozygous recessive animal, through the transfer of the gene by standard 
breeding methods, such as by successive generations of backcrossing. 
3.6 CONCLUSIONS 
It is concluded that the inheritance of halothane reaction in the British 
Landrace can be explained by a single completely recessive gene with 
incomplete penetrance. However, the probability of a heterozygous 
reaction may be affected by the maternal phenotype, although the cause of 
this maternal effect could not be explained satisfactorily. Also, the 
proportion of potential halothane positives which do react may be 
affected by procedures used in the halothane test. 
CHAPTER 4 
INHERITANCE OF THE HALOTHANE REACTION IN THE LARGE WHITE AND 
PIETRAIN-HAMPSHIRE 
4.1 INTRODUCTION 
The halothane reaction appears to be inherited as a single completely 
recessive gene in most breeds of pigs examined so far (Table 2.1). A 
small proportion of heterozygotes may react in British Landrace under 
certain circumstances, for example, when the dam is a reactor. However, 
no test has been specifically designed to test for the presence of 
heterozygote reactors in other breeds. Information on the proportion of 
Nn and nn reacting individuals within a breed could lead to a more 
successful policy for the elimination or fixation of the halothane gene. 
The synthetic Pietrain-Hampshire (PH) has been used as a model for 
terminal sire breeds. The difference in lean proportion between the 
homozygotes has been estimated at 38g/kg (se 13) in the PH compared with 
lOg/kg (se 7) in British Landrace (Webb et al., 1985). Assuming that the 
halothane gene is additive for its effects on lean, so that Nn offspring 
inherit half the advantage, it may be advantageous to fix the halothane 
gene in the terminal sire breed. This could theoretically be achieved in 
a single generation by halothane testing. However, if a proportion of 
heterozygotes react, the rate of fixation would be reduced. Analysis of 
halothane test data from a random mating sample of PH indicated that 
halothane reaction was inherited as a single recessive gene, with a 
penetrance of about 90% for nn individuals (Smith and Bampton, 1977; 
Carden et al., 1983). In order to directly investigate the reaction type 
of the heterozygote, 432 putative Nn offspring were halothane tested and 
the incidence of reaction was recorded. 
One of the major breeds used in the UK pig industry is the Large White 
(LW). The inheritance of reaction has rarely been studied in this breed, 
mainly due to the low incidence of reaction in many of the strains (Table 
4.1). The few references that are available are for the North American 
(Mabry et al., 1981) and Swedish (Gahne et al., 1983) strains of Large 
White, which indicated that the reaction appeared to follow a recessive 
pattern of inheritance. At ABRO, five generations of purebred LW 
halothane data were available. Foundation animals for this line had been 
selected as possible carriers of the halothane gene from commercial 
herds. A pedigree analysis using the computer program PAP (Hasstedt and 
Cartwright, 1981) was attempted in order to investigate whether the 
inheritance of halothane reaction in LW was different from other breeds. 
4.2 DATA 
4.2.1 Pietrain-Hampshire 
Pietrain-Hampshire, a synthetic stock comprisingoç approximately 	40% 
Pietrain and 60% Hampshire genes, had been selected for positive (SS 
line) or negative (SR line) reaction to halothane (Carden et al., 1983). 
At generation 9, animals were mated between lines for their second and 
third parities. Assuming the SS and SR lines were homozygous for the 
halothane (n) or normal (N) gene respectively, all offspring were 
expected to be heterozygotes (Nn). Table 4.2 shows the number of animals 
involved and the incidence of reaction observed. Results from parity 1, 
the within line mating, are also shown. 
TABLE 4.1 
Incidence of halothane reaction (% HP) in Large White 
and Yorkshire strains 
No 
Country tested % HP Reference 
America 225 0 (7) 
Australia 140 0 (7) 
Britain 764 0 (6) 
France 365 0 (4) 
Ireland 58 0 (7) 
Switzerland na + 0 (2) 
Norway 169 1 (7) 
Austria 922 2 (2) 
Canada 139 2  
Finland na 2  
Netherlands 1394 3 (7) 
Denmark 441 5 (2) 
Romania 452 7 (3) 
Sweden 973 16 (2) 
Russia 50 30 (5) 








D'Allaire and De Roth, 1982; 
Kaliweit, 1985; 
Nedelniuc and Aureliu, 1984; 
Sellier et a]., 1984 
Vodalazskaya, 1983; 
Webb, 1980; 
Webb et al., 1982 
TABLE 4.2 





No. sire 	No. 
Sire 	Dam 	Parity 	families litters 
	
Total 	No. HP 	% HP 
SR SR 1 12 28 218 0 0 
SR SS 2-3 11 23 121 0 0 
SS SR 2-3 13 45 311 5 2 
SS SS 1 9 16 105 101 96 
+ All HP offspring were from a single litter 
Offspring were given a 5-minute halothane test in parity 1, and a 
3-minute test in parities 2 and 3. 
4.2.2 Large White 
Five generations of halothane data were available from purebred Large 
White (LW) test matings. These dated from 1980 to 1986 and comprised 
three separate experiments designed to test either for the presence of 
the halothane gene, or its inheritance, in the LW breed. 
Animals were introduced into the line as described below:- 
Group 1. One LW boar at a national Al centre was identified as a 
possible carrier of the halothane gene, and was test mated to LW females 
of unknown genotype. Four other LW Al boars were later identified as 
possible carriers after test mating to Pietrain-Hampshire reactors. 
These boars were mated to offspring from the original boar. 	Offspring 
from this group were designated as ABRO LW. 
Group 2. 6 boars and 6 sows from LW nucleus herds were identified 
as possible carriers after being progeny tested for the ABRO-Wye Systems 
of Testing (SoT) experiment (see Chapter 5). These were test mated to 
ABRO LW which had reacted to halothane or were from segregating litters. 
Group 3. 
Inter se (1). Putative Nn or nn offspring from 
inter se. Positive reactors were expected to be 
reactors from litters segregating for the haloth 
expected to have a high probability of being Nn. 
gilts from non-segregating litters were also selected 
small number of available gilts. Matings between 
either ABRO LW or from the SoT experiment, were also 
group. A farrowing rate of 50% was achieved. 
group 2 were mated 
nn, whilst negative 
ne reaction were 
A proportion of HN 
as a result of the 
3 boars and 5 sows, 
included in this 
Inter se (2). Offspring from Inter se (1) only were included in 
this group. 	Putative Nn (HN) and nn (HP) guts were test mated to nn 
contemporaries. All HN gilts were from a HP boar. 	Six litters were 
born. The number of animals from each mating class is shown in Table 
4.3. 
4.3 ANALYSIS 
The Pedigree Analysis Package (PAP) can be used to compute the likelihood 
for a genetic model on data over several generations (Hasstedt and 
Cartwright, 1981). The computer program can also be used to find maximum 
likelihood (ML) estimates of the gene frequency and penetrances, together 
with their standard errors, for the foundation animals. The pedigree of 
all the animals included in the purebred LW test matings, together with 
their halothane phenotype, if known, were used in the analysis. 
PAP uses a method called 'peeling' to calculate likelihoods recursively. 
Information from one nuclear (sibship) family at a time is collapsed onto 
one family member of the sibship, connected to the remainder of the 
pedigree. The likelihood calculated is an extension of that outlined in 
Section 3.3. 	However, the amount of computing space required increases 
appreciably with the number of individuals in the pedigree. 	Because of 
this restriction, only the first three generations (groups 1 and 2) were 
analysed using this program. 
Two hypotheses were tested using PAP. These were: first, all founders, 
that is, LW from commercial origin, were heterozygous for the halothane 
gene; and second, a proportion of the founders had been misclassified by 
the progeny tests. In this second hypothesis, the frequency of NN and Nn 
TABLE 4.3 
Origin and number of Large White included in the halothane test 
matings 
Group 1. 	A.I. boars x ABRO females 
Origin and expected 
genotype fl_c.  UlS - F l -  y tested 
	
No. 	No. 
Al 	ABRO 	sires litters 	Total 	No. HP 	% HP 
Nn 	NnorNN 	4 	6 	 32 	8 	27 
Nn nk 	 2 5 24 0 0 
Group 2. 	SOT x ABRO LW 
SOT 	ABRO 
Nn 	Nn 	 8 	14 	 77 	10 	13 
Nn nn 1 1 12 0 0 
Group 3. 	Interse (1) 
Sire 	Dam 
Nn 	Nn 	 3 4 28 6 21 
Nn nn 2 2 12 2 17 
nn 	Nn 	 7 14 74 12 16 
nn nn 1 1 1 1 100 
Interse (2) 
Sire 	Dam 
nn 	Nn 	 2 	3 	 18 	7 	39 
nn nn 2 2 16 15 94 
+ Not known 
Offspring were given a 3- or 10-, 4-, and 3- minute halothane 
test in groups 1, 2 and 3 respectively. 
in the founders was estimated assuming none were nn. The penetrances for 
the two genotypes, Nn and nn, were estimated for each hypothesis. 
4.4 RESULTS 
4.4.1 Pietrain-Hampshire. 
The Pietrain-Hampshire (PH) experiment was designed to test for the 
presence of heterozygous (Nn) reactors. Given that only 3% of Nn 
individuals may react, as indicated in the British Landrace (see Chapter 
3), 350 offspring were required for a 95% probability of observing a 
reactor. Out of a total of 432 putative Nn offspring tested, 5 were HP 
(Table 4.2). Since all the reacting offspring were from one third parity 
litter which was all HP, it seems likely that these reactions were due to 
misidentification of the dam. The results therefore indicated that the 
probability of obtaining a heterozygous reactor in PH is very low. 
4.4.2 Large White 
Analysis of the first three generations of the Large White halothane 
line, using the program PAP, indicated that a complete recessive model 
gave the best fit to the data. This was observed for both hypotheses on 
the nature of the foundation animals (Table 4.4). 
Table 4.4 indicated that if all the LW founders were Nn, as expected, 
then only 47% of nn offspring gave a positive reaction to the halothane 
test. However, the fit to the data was significantly improved (P<0.01) 
by allowing for a proportion (0.46) of founders to be NN. This indicated 
that a high proportion of the LW selected as likely carriers of the gene 
had been misclassified. 
TABLE 4.4 
Maximum likelihood estimates of genotype frequency among foundation Large 
White in the halothane line. The significantly best fitting estimates 
for genotype frequency and penetrance are shown. Data from the first 
three generations of test ma tings were analysed. Figures in parentheses 
indicate parameters fixed in the analysis. 
Two hypotheses were tested 
	
i. all founders were Nn; ii. founders 
were either NN or Nn. 
Genotype frequency 	Penetrance 
Genotype 	 + 
of founders NN 	Nn 	se 	Nn 	nn 	se 	.-2loglik 
Nn 	(0.00) 	(1.00) - 	0.00 	0.47 0.12 	101.07 
NN or Nn 	0.46 	0.54 0.15 	0.00 	1.00 	- 	89.08 
Significance 	 P<0.01 
level 
+ 	-2loglik = -2 X loge likelihOod for the model given the data 
The a posteriori probability of a foundation LW being a given halothane 
genotype was calculated conditional on the ML estimates of genotype 
frequency shown in Table 4.4. The number of LW assigned to each genotype 
is shown in Table 4.5. Only 33% of founders were given a genotype with a 
probability greater than 90% and there was no difference in the 
assignment of genotypes between the 10 males and 11 females included 
among the founders. 
The results from group 3, although not included in the computer analysis, 
were in agreement with the conclusion that the inheritance of the 
halothane reaction in LW followed a simple recessive model. HN parents 
for Inter se (1) were not accurately genotyped and this resulted in only 
about half the litters segregating for the halothane reaction. However, 
the segregation ratios within litters which contained at least 	one 	HP 
TABLE 4.5 
Number of foundation Large White estimated to be NN or Nn. 	The 
a posteriori probability of a Large White being a given halothane 
genotype was calculated conditional on the maximum likelihood estimates 
of genotype frequency and penetrance among the founders. The genotype 
frequencies used were : NN=0.46, Nn=0.54, nn=O.O; 	with penetrances 
NN=Nn=0.0, nn=1.0. 
Number of animals 
with genotype 
Probability 	 NN 	Nn 
P>O.9 	 1 	6 
0.9>P>0.7 	 4 	0 
P<0.7 	 7 	3 
Total 	 12 	9 
offspring, were as expected for the recessive model (Table 4.6). 	The 
lower than expected number of reacting offspring from the (Nnxnn) class 
may have been a result of sampling as only one litter was represented. 
4.5 DISCUSSION 
An analysis which uses data collected over consecutive generations is 
expected to have several advantages over a two-generation analysis. It 
gives more accurate estimates of penetrance and gene frequency, 
especially for traits like the halothane reaction which do not always 
appear to follow a simple model of inheritance. It also gives better 
estimates of parameters when the numbers of individuals within each 
generation are small, as in the Large White (LW) halothane line. 
TABLE 4.6 
Incidence of reaction (%HP) within litters segregating for the halothane 







No. No. No. 
Sire Dam tested segregating offspring % HP 
Nn Nn 4 3 24 25.0 
Nn nn 2 1 11 18.2 
nn Nn 17 9 54 40.7 
nn nn 3 3 17 94.1 
However, the organisation of data for the pedigree analysis can be very 
complex, as relationships between individuals have to be taken into 
account. Also, the computing time required to obtain maximum likelihood 
(ML) estimates of parameters from a pedigree increases with the number of 
individuals in the pedigree. It was recommended (Cannings et al., 1978) 
that no more than 13 individuals should be included in each peel step. 
As a result of limitation in computer space, it was only possible to 
analyse the first three generations of the LW data. An analysis of group 
3 on its own, would have added little extra information to the overall 
estimates of penetrance, due to the uncertainty over many of the parental 
genotypes. 
LW founders introduced into the halothane line had been selected as 
carriers of the halothane gene using prior information, such as progeny 
testing. Given this assumption, only 47% of nn offspring were estimated 
to be reacting to halothane. An alternative hypothesis, that a 
proportion of the selected animals had been misclassified significantly 
improved the fit to the data. 
This conclusion would indicate that Nn offspring reacted in the progeny 
tests. However, no heterozygous reactors were estimated from analysis of 
progeny test results from the Systems of Testing experiment (see Section 
5.2). A possible explanation for this conflict is that as a result of 
small sample size in the Large White test matings, discrimination between 
parental genotypes was poor. Less than 30% of LW founders were assigned 
a particular halothane genotype with a probability greater than 90%. 
Therefore many more litters would have been required to differentiate 
between Nn and NN genotyes with a high level of accuracy. 
ML estimates for the penetrance of the heterozygote and homozygous 
positive in LW individuals in the best fitting model were 0.0 and 1.0 
respectively. These estimates were similar to those observed in group 3 
of this data and with reported estimates of penetrance in other LW 
strains (Mabry et al., 1981; Gahne et al., 1983). No reactors were 
observed from 427 putative Nn Pietrain-Hampshire offspring. This result 
was in agreement with the ML analysis of the foundation generation by 
Smith and Bampton (1978) and Carden et al. (1983). 
A further line of enquiry could involve examining the possibility of 
higher mortality of nn offspring compared to the other two genotypes, as 
has been observed in other breeds (Carden et a]., 1985; Simpson et al., 
1986). Litter size was not examined as only a small number of litters 
were available from parents of known genotype and no suitable control was 
present. However, if there is preferential mortality of nn in LW, this 
may provide an explanation for the low proportion of reacting offspring 
in the early generations. 
One option in the future may be to introduce the halothane gene into a 
stress resistant background in order to take advantage of the beneficial 
effects of the gene on carcass traits, without the disadvantageous 
effects. As a first step, the effects of the gene on mortality and 
reproductive rate should be examined in more detail in a 'stress 
resistant' breed such as the LW. Also, further investigation of the 
possible misclassification of genotypes in LW by progeny testing is 
required before this method is used to eliminate the gene from the breed. 
4.6 CONCLUSIONS 
It is concluded that the halothane reaction is inherited as a completely 
recessive gene in the Pietrain.-Hampshire. The model of inheritance for 
the halothane reaction could not be determined with certain in the Large 
White as more information is required to differentiate between complete 
and incomplete recessive modes of inheritance in the purebred. 
CHAPTER 5 
ANALYSIS OF HALOTHANE TEST RESULTS FROM ANIMALS OF COMMERCIAL ORIGIN 
5.1 GENERAL INTRODUCTION 
Results reported on the analysis of halothane data within this thesis 
have so far been for animals derived solely from experimental lines 
selected on halothane reaction (Chapters 3 and 4). These were small 
populations, subject to genetic drift and potential modification of 
reaction as a result of selection for reactors. The data analysed in the 
following study are halothane test results of animals from two commercial 
sources. These are progeny test results of both male and female Large 
White and British Landrace parents, and data from a commercial breeding 
nucleus. Conclusions on the inheritance and penetrance of the halothane 
reaction will be compared to those from the halothane selection lines. 
5.2 	 PROGENY TEST 
5.2.1 INTRODUCTION 
Halothane test data from progeny tests of foundation animals for the 
ABRO-Wye Systems of Testing (SoT) experiment (Webb and Curran, 1986) were 
analysed. Large White and British Landrace from 8 nucleus herds had been 
test mated to known halothane reactors in 1982, in an attempt to 
eliminate the gene from the foundation stock. The data were used to test 
complete and incomplete recessive models of inheritance of the halothane 
reaction. Halothane gene frequencies and incidences of reaction in the 
herds of origin were estimated for comparison with results from a survey 
of halothane reaction in 1979 (Webb, 1980) when 11% British Landrace and 
0% Large White reactors were found. 
5.2.2 DATA 
British Landrace (BL) and Large White (LW) boars and gilts were purchased 
from eight nucleus herds in 1982. These, together with 18 LW boars 
standing at national Al centres, formed the foundation stock of the SoT. 
BL, 55 males and 205 females, were test mated to halothane positive (HP) 
BL at Wye College. LW, 55 males and 131 females, were test mated to HP 
BL, Pietrain-.Hampshire (PH) or a crossbred (CB) BL x (LW x Norwegian 
Landrace) at ABRO. Offspring were given a 4-minute halothane test at an 
average age of 50 days at ABRO and 76 days at Wye. The number of 
parents and offspring involved are shown in Table 5.1 where, for 
anonymity, herds are coded A to I. Purebred BL from herds A, C, D, E, H 
and I were halothane tested in their herds of origin in 1982 and only 
halothane negative (HN) animals were supplied for test mating. The 
incidence of reaction observed within herds as a result of these 
halothane tests was recorded. 
5.2.3 ANALYSIS 
Maximum likelihood gene frequencies and penetrances were estimated for 
each herd. 	The likelihood was estimated conditional on the HN selected 
parents using the method outlined in Section 3.3. 	Further assumptions 
used in this analysis are as follows:- 
i. Individual herds were in Hardy-Weinberg equilibrium for the 
halothane gene. 
ii. All LW, and BL from herds B, F and G had been selected at random. 
TABLE 5.1 
Results from the test mating of Large White (LW) and British Landrace 




foundation animals (1) 
	
litters(2) 	Offspring 
No. % leaving 
Company leaving one or more No. No. 
code offspring HP offspring tested tested % HP 
LW 	A 20 0 26 196 0 
B(3) 2 0 6 41 0 
C 17 12 22 120 6 
D 31 10 40 282 6 
E 19 21 23 175 6 
F(3) 18 22 43 275 6 
G 33 18 38 279 7 
H 29 17 30 230 8 
I 17 53 20 166 19 
Total 186 17 248 1764 6 
BL 	A 21 48 32 167 11 
B(3) 1 100 1 3 67 
C 34 38 40 237 8 
D 33 67 38 191 26 
E 24 63 30 113 27 
G 59 40 73 383 13 
H 63 68 82 389 25 
I 25 60 33 163 23 
Total 260 60 329 1646 25 
Males and females pooled 
Total number of litters from test mating to HP 
Male founders only 
BL from the remaining herds were a random sample of the HN within 
each herd. 
The HP mates were nn. 
Initially, at Wye, a litter was halothane tested until one or two 
offspring were identified as reactors, any remaining offspring 
were not tested. Later during the progeny testing period, this 
policy was changed so all offspring were tested, although it was 
unclear when this occurred. 	Therefore the sample tested was 
assumed 	to be random and representative of the phenotypic 
segregation ratios expected for the whole litter. 
Founders were assumed to be unrelated. 
The expected halothane incidence within each herd was calculated using 
the estimated gene frequency and penetrance for that herd. These were 
then compared to incidences observed from a survey of herds in 1979 
(Webb, 1980), and from results of halothane tests within herds in 1982. 
Data on individual offspring were only available from the ABRO (LW) 
progeny tests at the time of this study. These results were used to test 
for differences among herds with respect to weight at test and sex 
ratios. An association between these factors and estimated gene 
frequency among the herds was tested. 
5.2.4 RESULTS 
5.2.4.1 Estimation of gene frequency and incidence in herds 
Maximum likelihood (ML) estimates of gene frequency and penetrance for 
the complete and incomplete recessive models of inheritance are shown in 
Table 5.2a for Large White (LW) and Table 5.2b for British Landrace (BL). 
TABLE 5.2a 
Maximum likelihood estimates of halothane gene frequency (n) and penetrance in Large White foundation herds for the 
complete and incomplete recessive models of inheritance. Estimates are also shown for founders pooled within sex 
Complete recessive model ( ' ) 	 Incomplete recessive model (2) 
Gene 
frequency 	 Penetrance 




A 196 0.00 - - - 0,00 
B 41 0.00 - - - 0.00 
C 120 0.06 0.04 1.00 - 30.17 
282 0.05 0.03 0.78 0.16 79.92 
E 175 0.12 0.06 0.59 0.18 58.35 
F 275 0.12 0.06 0.58 0.13 83.75 
G+ 279 0.10 0.04 0.81 0.16 90.78 
H 230 0.17 0.06 0.50 0.14 105.61 
1+ 166 0.31 0.09 0.76 0.13 121.48 
0.10 	0.05 	0.013 0.011 0.71 	0.20 	103.29 	NS 
Pooled 	1764 	0.11 	0.02 	0.70 	0.06 	597.44 	0.11 	0.02 	0.001 0.001 0.71 	0.07 	597.21 	NS 
Males 742 0.11 0.03 0.61 0.09 198.49 
Females 1022 0.11 0.02 0.76 0.08 397.38 	0.09 	0.02 	0.003 	0.002 	0.83 	0.09 	394.64 	NS 
TABLE 5.2b 
Maximum likelihood estimates of halothane gene frequency (n) and penetrance in British Landrace foundation herds for 
the complete and incomplete recessive models of inheritance. 	Estimates are also shown for founders pooled within sex 










tested n se nn se -2loglik (3) n se Nn se nn se -2loglik (3) 
A 167 0.32 0.09 0.68 0.16 95.45 
B 3 0.50 0.35 1.00 5.55 
C 237 0.31 0.10 0.33 0.12 130.43 0.14 0.06 0.027 0.016 0.73 0.25 127.39 	NS 
0+ 191 0.50 0.09 0.88 0.14 187.78 
E 113 0.46 0.11 1.00 96.57 
G 383 0.31 0.06 0.52 0.09 263.59 0.18 0.04 0.030 0.012 0.92 0.15 259.04 	
* 
H 389 0.55 0.07 0.71 0.09 382.17 
1+ 163 0.42 0.10 0.92 0.13 148.03 
Pooled 1646 0.39 0.03 0.70 0.04 1355.64 0.33 0.03 0.017 0.007 0.85 0.07 1347.22 	
** 
Males 366 0.41 0.07 0.65 0.09 310.93 0.27 0.05 0.040 0.015 1.00 	- 300.39 	
** 
Females 1280 0.38 0.03 0.72 0.05 1044.22 0.35 0.03 0.008 0.006 0.80 0.06 1039.00 
* 
TABLE 5.2 continued 
Complete recessive gene with incomplete penetrance does not fit data 
significantly better than a completely penetrant gene for herds (+). 
Therefore Table 5.3 shows gene frequencies estimated with penetrance 
,c 	n 
dI 	 IIu, — J..J 
Estimates shown when penetrance of Nn > 0.0 
Significance test : -2 (logHo-logHa) 
logHo : maximum loglikelihood under complete 
recessive model 
logHa : maximum loglikelihood under incomplete 
recessive model 
Heterogeneity tests 	: 	I. Among herds 
Large White X2 (16) 	= 27.38 * 
British Landrace 
Complete recessive X2() 	= 46.07 ** 
Incomplete recessive X2(zI) = 45.24 ** 
ii. Between sexes 
Large White X2 (2) 	= 1.53 NS 
British Landrace 
Complete recessive X 2 	= 0.49 NS 
(2) 
Incomplete recessive X 2 (4) 	= 7.83 * 
Significance levels 	: 	NS, P > 0.05, *, P < 0.05 	** , . < 0.01 
(3) 	-21oglik : -2 x maximum loglikelihood for the model given the data 
Results are shown for each herd, and for male and female founders pooled. 
Table 5.3 shows the frequency estimates for the most parsimonious model 
in each breed and herd. This was the model in which further increases in 
complexity did not significantly improve the fit to the data. Estimated 
gene frequency among herds ranged from 0.00 to 0.27 in LW and 0.18 to 
0.51 in BL, with an average frequency of 0.11 and 0.33 in the two breeds 
respectively. Estimated penetrance values for Nn and nn were 0.00 and 
0.70 in LW and 0.02 and 0.85 in BL. Differences among herds for gene 
frequency and penetrance were significant for both LW and BL (P<0.01). 
There were no significant differences in penetrance estimates in 
offspring from a HP or founder (assumed HN) dam for LW (Table 5.2a). 
There was significant heterogeneity (P<0.05) between BL male and female 
founders for these estimates under the incomplete recessive model. 
Incidences of halothane reaction were predicted for each herd using the 
estimated gene frequencies and penetrances shown in Table 5.3. These 
values were compared with incidences observed in herds participating in 
the 1979 survey (Webb, 1980), and from halothane tests of founders within 
herds in 1982. The average observed incidence of reaction was 
significantly higher (P<0.01) in 1982 than in 1979 (Table 5.4). However, 
there was no significant change in observed incidence of reaction within 
individual herds, except for herd H (P<0.01). The significant difference 
between predicted and observed incidence of reaction in 1982 within herds 
C, D and H may have been due to a failure in any of the assumptions in 
the analysis, such as non-random sampling of founders or departure from 
Hardy-Weinberg gene frequency. 
TABLE 5.3 
Maximum likelihood estimates of gene frequency (n) and penetrance in 
the 8 British Landrace and 9 Large White herds. Results are 
summarised from Table 5.2 and estimates for the best fitting model of 
inheritance are shown. 
Large White 	 British Landrace 
Gene 	Penetrance 	Gene 	Penetrance 
Herd 	frequency 	nn 	 frequency Nn 	nn 
A 0.00 - 0.32 0.00 0.68 
B 0.00 - 0.50 0.00 1.00 
C 0.06 1.00 0.31 0.00 0.33 
D 0.05 1.00 0.51 0.00 1.00 
E 0.12 0.59 0.46 0.00 1.00 
F 0.12 0.58 - - - 
G 0.10 1.00 0.18 0.03 0.92 
H 0.17 0.50 0.55 0.00 0.71 
I 0.27 1.00 0.43 0.00 1.00 
Pooled 	0.11 	 0.70 	 0.33 	0.02 	0.85 
TABLE 5.4 
Predicted and observed incidence of reactors (% HP) in Large White and British Landrace herds. 
Predicted values are obtained using the gene frequencies and penetrance given in Table 5.3. 
Observed incidences are from the 1979 survey and halothane tests of prospective foundation 
stock in 1982 
Large White British Landrace 
Predicted Observed Predicted Observed Observed 
1982 1979 1982 1979 1982 
Significance 
No. No. No. tests(1) 
Herd HP tested % HP % HP tested % HP tested % HP A 	B 
A 0.00 - - 6.96 - - 51 5.88 - 	 NS 
B 0.00 136 0.00 25.00 119 13.45 - - - 	 - 
C 0.36 - - 3.17 82 9.76 95 15.79 NS ** 
D 0.25 124 0.00 26.01 109 2.75 79 2.53 NS 	** 
E 0.85 - - 21.16 101 16.83 82 21.95 NS NS 
G 1.00 115 0.00 3.87 120 3.33 - - - 	 - 
H 1.45 - - 21.48 207 23.19 468 40.17 ** ** 
I 7.29 36 0.00 18.49 232 23.28 92 20.65 NS 	NS 
Herd 
average 	1.40 	411 	0.00 	15.77 	970 	13.23 	867 	17.83 	** 	NS 
(1) Significance tests A : Observed 1979 - Observed 1982; B : Observed 1982 - Predicted 1982 
Significance levels : NS, P > 0.05; 	, P < 0.05; ** P < 0.01. 
5.2.4.2 Effect of breed of mate, sex and weight on incidence of reaction 
in Large White 
It was estimated that an average of 3 Nn individuals may react in BL 
(see Chapter 3). Therefore, a higher proportion of HP offspring were 
expected when this breed was used as the HP test-mate compared to the 
Pietrain-Hampshire (PH). However, no breed effect was observed between 
HP BL and PH mates in either the proportion of segregating litters or the 
proportion of HP offspring within segregating litters (Table 5.5). The 
increase in proportion of segregating litters from the crossbred mates 
compared to BL and PH may have been due to sampling error, as very few 
litters were produced. 
TABLE 5.5 
Effect of breed of mate on incidence of reaction from test mating of 
Large White foundation stock 
All litters 	 Segregating litters 
No. 
No. 	segregating for 	offspring 
Breed of mate 	tested halothane reaction tested 	%HP 
British Landrace 	76 	 13.2 	 68 	39.7 
Pietrain-Hampshire 	159 	 17.0 	 210 	40.0 
Crossbred 	 13 	 30.8 	 23 	34.8 
Significance level 	 P>0.05 	 P>0.05 
X(2) 
It was suggested in Chapter 3 for BL that the probability of a nn 
individual reacting increased with its weight when halothane tested. In 
order to test for a similar trend in LW, partial regressions for mean 
weight of offspring against estimated gene frequency or penetrance (nn) 
were calculated over herds. The partial regressions were weighted by the 
number of offspring within each herd. The results indicated that those 
herds which were estimated to have a high incidence of the halothane gene 
also tended to have lighter pigs (Figure 5.1a). There was also a 
positive association between estimated penetrance for the herd and mean 
weight of offspring (Figure 5.1b). These trends are in agreement with 
previous results, and the regression of penetrance against weight was 
significantly different from zero (P<0.05). 
The least square means for sex and weight of halothane positive and 
negative animals, accounting for the random effects of litter and 
adjusting for age at test, are shown in Table 5.6. 
TABLE 5.6 
Least square means (and standard error) for weight of individual at test, 
and proportion of males from a total of 1758 Large White offspring. 
Differences between halothane positive (HP) and negative (HN) offspring 
were tested after accounting for random litter effects and adjusting for 
age at test. 
Overall HP-HN 
Significance 
Mean 	se Diff 	se level 	(1472 df) 
No. HP 116 
No. 	FIN 1642 
Weight 	(kg) 15.61 	0.37 -1.67 	0.75 P<0.05 
Sex ratio 0.44 	0.03 -0.12 	0.06 0.1>P>0.05 
(proportion 
males) 
1-lalothane positive animals were on average 1.67kg lighter at test than 
negatives, and a higher proportion of females (4.1%) reacted than males 
(2.1%). However, only the effect of %eight was significant at the 5% 1evel. 
Figure 5.1 
Estimated values of gene frequency •(a) and 
penetrance (b) among the Large White foundation 
herds plotted against average weight of animals at 
test. The regression coefficient was weighted by 
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5.2.4.3 Gene frequency and performance traits 
It has been suggested that the halothane gene is additive for several 
performance traits (for example, Webb et al., 1982). Therefore selection 
for these traits may also lead to an increase in the gene frequency. An 
association between herd halothane gene frequency and herd performance 
was investigated using results from the Commercial Pig Evaluation (CPE) 
scheme run by the Meat and Livestock Commission (MLC). For the CPE, 
boars were purchased from company nucleus herds and guts from company 
multipliers. The herd rankings which were used are for pigs bought 
between 1977 and 1980 (MLC report, 1982), fed ad-lib and slaughtered at 
85kg. The traits used were daily feed, lean percentage and lean tissue 
food conversion. A Spearman's rank correlation was used to test for a 
relationship between the traits and estimated gene frequency or 
incidence. 
The rank correlation coefficients (r) are shown in Table 5.7. 	The 
degrees of freedom available for testing the null hypothesis, r=0.0, 
ranged from 4 to 6. Therefore r would have to be larger than 0.88 and 
0.71 in order for the null hypothesis to be rejected at the 5% 
significance level. 
The ranking of herds for lean tissue food conversion, daily feed intake 
and lean percentage were in the expected direction. That is, daily feed 
intake was negatively correlated with lean percentage and food 
conversion. However, none of the correlations between estimated gene 
frequency or incidence of reaction with these traits were significantly 
different from zero. 
TABLE 5.7 
Spearma n s s  rank correlation coefficients between 
herd rankings for estimated gene frequency (n) and 
incidence of reaction (1 HP), and three growth 
trails from the commercial pig evaluation scheme 
results (MLC, 1982). 
Correlation coefficients 
+ 	 7 	 8 	9 
	
Trait DEl Lean LTFC 
I. LW (n) 	 -0.54 	0.36 	0.32 
NS NS NS 
 LW (% HP) -0.50 0.32 0.36 
NS NS NS 
 BL (n) -0.18 0.25 0.11 
NS NS NS 
 BL (% HP) -0.05 -0.14 -0.25 
NS NS NS 
 BL (% HP) -0.77 0.60 0.60 
NS NS NS 
 BL (% HP) -0.29 -0.04 -0.14 
NS NS NS 
 DFI -0.88 -0.86 
** ** 
 Lean 0.98 
** 
Significance levels : NS, P < 0.05; 	P < 0.01 
+ 1. Estimated frequency of n allele in Large White (1982) 
Predicted incidence of halothane reaction in Large White (1982) 
Estimated frequency of n allele in British Landrace (1982) 
Predicted incidence of halothane reaction in Landrace (1982) 
Observed incidence of halothane reaction in British Landrace (1982) 
Observed incidence of halothane reaction in British Landrace (1979) 
Daily feed intake on ad libitum 
Lean proportion 
Lean tissue feed conversion on ad-lib. 
5.2.5 DISCUSSION 
The average frequency of the halothane gene among British Landrace (BL) 
and Large White (LW) was estimated at 0.33 and 0.10 respectively. The 
results indicated there had been an increase in the overall incidence of 
halothane reaction between the 1979 and present (1982) study in both 
breeds. A significant increase in incidence of reaction in BL was only 
observed in herd H. A larger sample of animals would have to have been 
tested in order to detect a real change in incidence within the other 
herds. 
There was no apparent association between estimated gene frequency or 
incidence of halothane reaction with herd performanceontan tissue food 
conversion, daily feed intake or lean percentage from the CPE results. 
This may have resulted from the difference in origin of animals or year 
of sampling between the studies, or that the test was too small to detect 
an association. 
This study indicated that the halothane gene was widespread in the LW 
population, as it was detected in 6 of the 8 nucleus herds sampled. No 
halothane reactors had been observed in the 1979 survey (Webb, 1980). 
Possible reasons for the appearance of the gene were discussed by Webb et 
al. (1985) and included heterozygote reactions of offspring in the 
progeny test, chance sampling, immigration from other breeds or some form 
of suppressor of reaction in purebred LW. Results from this study and 
those reported in Chapter 4 indicated that the probability of a 
heterozygote reacting was not significantly different from zero in LW. 
Halothane reactions have been observed in purebred LW (Chapter 4). Also, 
any widespread immigration of other breeds into the LW would have had to 
occur over a very short period of time. Although it is possible that 
halothane reactors were missed by chance in the 1979 survey as a result 
of the low gene frequency, the probability of not detecting a positive 
reaction in a single sample of 764 LW was only 5x1014 5  given a true 





The efficacy of using maximum likelihood techniques to estimate halothane 
gene frequency and penetrance from commercial data are examined here. 
The data for this study were made available by the National Pig 
Development Company and consisted of approximately four years 	of 
halothane test results from a British Landrace nucleus herd. 	The 
incidence of halothane reaction at the start of the study was 40% and 17% 
after two generations of individual selection against the reaction. The 
frequency of the halothane gene was estimated at each generation, and the 
effect of variable family size on the maximum likelihood estimate is 
investigated. 
5.3.2 DATA 
The data analysed consisted of 3.5 years (1982 to 1985) of halothane test 
results from a commercial nucleus of British Landrace. The herd 
consisted of approximately 170 sows and 17 boars. All progeny were 
halothane tested at 7 to 8 weeks of age according to the method of Webb 
and Jordan (1978). 	Offspring were then performance tested from 40 to 
90kg on a restricted feed regime. HP offspring were performance tested, 
but not retained for breeding. Selection among the HN offspring was on 
an index designed to improve efficiency of lean tissue food conversion. 
As the data consisted of overlapping generations and in order to show the 
effect of selection on the frequency of the halothane gene, the data were 
divided into three groups based on sire generation. These were as 
follows: - 
Group 0 included 41 sires which had not been halothane tested. 
Some of these sires were present throughout the 3.5 years due to 
the use of Al, though these sires accounted for less than 5% of 
all litters. 
Group 1 was the first generation whose sires had been halothane 
tested (20 HN and 1 HP sires). Most of these sires were offspring 
of Group 0. 
Group 2 included 8 HN sires, all of whom were offspring from Group 
1. 
Halothane tested and untested females were present in each group. 	The 
phenotypes of dams, if known, were used in the analysis except in Group 0 
where only a small number were involved. The total number of animals and 
incidence of reaction observed in each group is shown in Table 5.8. 
5.3.3 ANALYSIS 
Maximum likelihood gene frequencies and penetrances were estimated in the 
herd using the data within each of the three groups. These were 
estimated conditional on the HN selected parents, using the method 
outlined in Chapter 3. The herd frequencies were used to estimate gene 
frequencies among the HN selected parents. The a posteriori probability 
of a sire being each of the halothane genotypes was estimated conditional 
TABLE 5.8 
Number of animals and incidence of halothane reaction observed in three 
groups of data from a British Landrace commercial breeding nucelus. 
Parents were halothane positive (HP), halothane negative (HN) or of unknown 
phenotype (NK). 
Number of offspring tested 
Phenotype 
of No. sire No. 
Group Sire Dam families litters Total No. HP % HP 
NK HN 17 58 483 118 24.4 
0 NK HP 8 31 230 137 59.6 
NK NK 34 514 4408 1775 40.3 
Total 41 603 5121 2030 39.6 
HN HN 20 382 3451 768 22.3 
HN HP 10 27 210 85 40.5 
HN NK 13 98 978 230 23.6 
HP HN 1 10 80 25 31.3 
HP HP 1 2 21 13 61.9 
HP NK 1 1 7 5 71.4 
Total 21 520 4747 1126 23.7 
HN HN 8 82 675 107 15.9 
2 HN HP 2 2 11 1 9.1 
HN NK 5 10 103 26 25.2 
Total 8 94 789 134 17.0 
Total 	 70 	1217 	10657 	3290 	30.9 
on the herd estimate of gene frequency, its halothane phenotype, if 
known, and the halothane results of its offspring. 
The assumptions used in the analysis were as follows:- 
Parents for each group were selected from a population in 
Hardy-Weinberg equilibrium for the halothane gene. 
HP parents, animals of unknown phenotype and all parents in Group 
0 had not been selected on halothane phenotype and were assumed 
to be a random sample from the herd. 
Parents were randomly mated within group. 
There were no changes in test procedure or environmental 
conditions over time. 
5.3.4 RESULTS 
5.3.4.1 Estimated gene frequency and incidence of halothane reaction 
The maximum likelihood (ML) estimates of gene frequency and penetrance 
from each group are shown in Table 5.9 and represent estimates expected 
in the herd at the time of selection of parents. The observed incidence 
ofreaction decreased from 40% to 17% over the study period. The gene 
frequency estimate decreased from 0.70 to 0.58 after selection against 
the halothane reaction was initiated. There had been no prior selection 
against halothane reaction until Group 2, therefore similar estimates of 
gene frequency were expected in Groups 0 and 1. However, differences in 
the method of estimation of gene frequency and overlapping generations 
meant that these two groups could not be directly compared. Penetrance 
estimates for the heterozygote were significantly different from zero 
(P<0.05), but less than 2% were estimated as reactors. Estimates of 
TABLE 5.9 
Maximum likelihood estimates of gene frequency (n) and penetrance in a 
British Landrace nucleus herd. 
Gene Incidence of 
frequency Penetrance reaction (%HP) 
+ 
Group n 	se Nn se nn se Expected 	Observed 
O 0.58 	0.02 0.018 0.007 0.91 0.01 31.6 	39.6 
1 0.70 	0.02 0.018 0.005 0.82 0.03 
2 0.58 	0.06 0.000 - 0.80 0.13 
+ Observed incidence of reaction not available for herd at time of 
selection of parents for groups 1 and 2 
penetrance for nn individuals ranged from 0.91 to 0.80 over the three 
groups. 
The expected frequency of the halothane gene among the HN parents could 
be estimated from the gene frequencies in Groups 1 and 2 (Table 5.9). 
The expected incidence of reaction in offspring in the HNxHN parental 
class, given these frequencies, did not differ significantly from the 
observed incidences (Table 5.10). 
The a posteriori probability of a sire a being a given halothane genotype 
was calculated for each sire in the study. Table 5.11 shows the most 
probable genotype for the sires. From the sires used in Groups 0, 1 and 
2, 66%, 90% and 88% respectively were estimated as being a particular 
genotype with a probability greater than 0.9. The results indicated that 
the majority of sires used (94.2%) were likely to be either heterozygous 
or homozygous for the halothane gene. 
TABLE 5.10 
Estimated gene frequency (n) among the selected HN parents. 	Frequencies 
were estimated using results from Table 5.9. 
Incidence of reaction 
from HN x HN (%HP) 
Gene 
Group 	frequency 	Expected 	Observed 
1 	 0.50 	 21.5 	22.3 
2 	 0.43 	 14.4 	15.9 
5.3.4.2 Information from sire families 
Although observed and expected incidences of reaction in Groups 1 and 2 
were in agreement (Table 5.10), there was a significant difference 
between observed (39.6%) and expected (31.6%) incidences in Group 0 
(P<0.01). It was possible that, due to the selective advantage of 
TABLE 5.11 
Number of sires of each halothane genotype in Groups 0, 1 and 2 of a 
British Landrace nucleus herd. The a posteriori probability of a sire 
being each of the halothane genotypes was calculated conditional on the 
herd estimates of gene frequency and penetrance (Table 5.9) and offspring 
results and the most likely genotype is shown. 
Number of sires 
in group 
Genotype 	 0 	1 	2 
NN 	 3 	1 	0 
Nn 	 25 	19 	8 
nn 	 13 	1 	0 
heterozygous and positive homozygous individuals with respect to some 
growth traits (see for example, Webb and Simpson, 1986), the nucleus herd 
was not in Hardy-Weinberg (H-W) equilibrium for the halothane gene. This 
hypothesis was tested by estimating the frequencies of the three 
genotypes independently, but with the restriction that they summed to 1. 
When these frequencies were compared to those expected assuming H-W 
(Table 5.9), no significant difference between the two sets of estimates 
was detected (Table 5.12). 
TABLE 5.12 
Estimates of genotype frequencies in Group 0. Frequencies were estimated 
either independently (Genotype) or assuming Hardy-Weinberg equilibrium 
(H-W). A completely recessive gene with penetrance of 0.9 for nn was 
assumed. 
Estimated 	 Estimated 
genotype frequency 	gene frequency 
Expected 
Model 	NN 	Mn 	nn 	 p 	q 	UP 
H-W 	0.163 	0.482 	0.355 	0.404 	0.596 	32.0 
Genotype 	0.155 	0.505 	0.340 	0.408 	0.593 	30.6 
The most likely reason for the difference between observed and expected 
incidence is due to their method of calculation. ML estimates of gene 
frequency are obtained by weighting results within sire families on 
offspring and litter numbers. An incidence of reaction of 32.4% is found 
by weighting the proportion of reactions within each sire family on 
number of offspring alone. If sire families were all of equal size, then 
the observed and expected incidences would have been the same. However, 
the number of offspring within each sire family varied from 6 to 650. 
The effect of this variation in sire family size on the likelihood 
estimates was examined. 
The relative contribution of each sire family to the ML estimate of gene 
frequency or penetrance in data from Group 0 was calculated using 
Fisher's information (Cox and Hinkley, 1974). The higher the value for 
Fisher's information, then the greater is the relative contribution of 
that sire family to the overall parameter estimate(&). 
Each family's contribution 	towards the total information about 	can 
be estimated by: 
21) - L(+d) -1(ê-d) 
CI 	 d 
where, i(&) is the loglikelihood evaluated at the ML estimate of 
;or- 1he 3i:k ui çoJnhly) 
and d is the differentiation interval, and was 0.01 in these 
examples. 
Therefore the total information, i() = 	(-) where the sum is over 
all sire families. 
Fisher's information was calculated for two parameters, the penetrance 
and frequency of nn, at the ML estimates of genotype frequency and 
penetrance for Group 0 (Table 5.12). The results are shown in Figures 
5.2a and b. As expected, the majority of information for the estimation 
of penetrance came from families where the sire was predicted to be a 
Figure S.2 
Fisher's information (i(&)) towards overall parameter 
(e) estimate from individual sire families against 
number of offspring within the sire family. The 
information was estimated at the maximum likelihood genotype 
frequencies (NN=0.155, 14n=0.505, nn=0.34) and penetrance 
(Nn=O.O,...nn=0.9). The data are from group 0 of a 
British Landrace commercial nucleus and the most likely 
halothane genotype of each sire is shown. 
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positive homozygote, whilst, sire families of large size contributed the 
most information to the overall genotype frequency estimate, independent 
of the predicted genotype of the sire. 
A measure of how well the observations within a sire family conform to 
A. 	 A 	 A 
the overall parameter estimate (&) is given by U((Wi\ (&), 
where, i3(ô) is the information from the jth sire family 
and 	U(ë-) is Fisher's efficient score, the slope of the likelihood 
around the ML estimate for the data, and is given by:- 
aL () 	£. ( -+d) - 	( —d) 
cI& 	 2d 
The deviation from an overall estimate of 0.34 for the frequency of nn is 
shown in Figure 5.3 for each sire family. The figure shows that when 
sire family is increased, the variability of the estimated genotype 
frequency around the overall estimate decreased. - - 
5.3.5 DISCUSSION 
5.3.5.1 Individual selection against the halothane reaction 
Selection against the halothane reaction in a commercial herd can prove 
an effective way of rapidly reducing an initially high incidence. 
However, selection on an individual's phenotype will, of course, only 
remove those animals which give a positive reaction. Therefore if any 
advantage is conferred by the halothane gene on the performance traits, 
or if less than 100% of potential positives express the reaction, then 
the rate of elimination of the gene would be reduced. 
FIGURE 5.3 
Standardised Fisher's efficient score against 
number of offspring within each sire family. 
The data are from group 0 of a British Landrace 
commercial nucleus and the most likely halothane 
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It was expected that due to incomplete penetrance from 9 to 20% of nn 
offspring would not have been culled and so would have been available for 
selection on performance. The estimated incidence of Nn individuals 
reacting was low at 2% (Table 5.9). This was in agreement with the 2% 
and 3% estimated from other British Landrace lines (Chapter 3 and Section 
5.2). Therefore the presence of Nn individuals reacting would have 
little effect on the rate of elimination of the gene. 
0 	Estimates of gene frequency and penetrance in the commercial nucleus can 
be compared with those obtained from the Systems of Testing (SoT) 
analysis (Section 5.2). Although, for confidentiality, the company 
cannot be identified, the estimates of penetrance and gene frequency 
estimated in the SoT were lower than reported in this study. The 
difference in parameter estimates may have been a result of the smaller 
sample of commercial animals used in the SoT. 
There was conflicting evidence as to whether heterozygotes were at a 
selective advantage in the nucleus herd. Analysis of growth traits of 
animals within the nucleus indicated that HP animals had lower daily 
gains and lower fat depths than contemporary HN (Mercer and Southwood, 
1986, see Appendix). However, there was no significant difference in 
food conversion ratio (FCR) or index score between HP and HN individuals. 
This suggested that HP animals were at no greater selective advantage 
than HN. However, it is not altogether surprising that there was little 
differentiation between the phenotypes for FCR, as published results 
indicate that differences between the genotypes are likely to be small 
(Jensen and Barton-Gade, 1985; Webb and Simpson, 1986). Also, the HN 
class in the commercial Landrace probably contained a high proportion of 
Nn. Despite this apparent lack of discrimination between the halothane 
genotypes for growth traits, over 93% of sires in the study were 
predicted as being either heterozygous or homozygous for the gene. 
It is expected that if Nn individuals are at a selective advantage 
(Smith, 1982), selection against the halothane reaction will result in 
the halothane gene being maintained at an equilibrium frequency. At this 
equilibrium, a maximum of about 20% reactors would be expected due to 
incomplete penetrance of nn. However, any relaxation of the use of the 
test would be expected to lead to an increase in this frequency. 
5.3.5.2 Estimation of gene frequency and penetrance 
It was expected that if all the assumptions in the likelihood analysis 
were adhered to, and if families had been of about equal size, then 
observed and expected incidences of reaction would have been similar. 
This was indeed the case for Groups 1 and 2 for the HNxHN mating class. 
However, significant differences between observed and expected incidence 
(39.6% v 31.6%, respectively) in the initial group indicated some 
departure from the assumptions. 
The most likely reason appeared to be that predominant use of a few Nn 
and nn boars resulted in an inflated incidence of reaction among 
offspring in this group. The gene frequency among parents would then be 
overestimated unless family size was accounted for in the analysis. This 
may offer a possible explanation for some of the discrepancies between 
observed and expected incidences from the Systems of Testing analysis 
(Section 5.2). 
5.4 CONCLUSIONS 
It is concluded that the probability of a heterozygote reacting is very 
low, at less than 3%. This result is in agreement with results from 
lines selected on halothane reaction. The halothane gene is present in 
the Large White and appears to be widespread in the population. It was 
indicated from estimates of gene frequency in the commercial nucleus that 
heterozygotes were at a selective advantage for performance traits after 
culling of halothane reactors. 
CHAPTER 6 
STUDIES ON THE CHANGE IN HALOTHANE GENE FREQUENCY FROM SINGLE TRAIT 
OR INDEX SELECTION IN A SIMULATED NUCLEUS 
6.1 INTRODUCTION 
The halothane gene is now present in most commercial pig populations. 
The gene is known to be widespread among the British Landrace (BL), and 
its presence has now been confirmed in several of the major Large White 
(LW) nucleus herds (Section 5.2). Although little change in gene 
frequency was detected between 1979 and 1982, there is the possibility 
that breeding strategies to increase lean percentage, or to increase the 
efficiency of food conversion, may lead to an increase in the future. 
It has been suggested that the halothane homozygote is at an advantage 
for several production traits (for example, Webb et al., 1982, Jensen and 
Barton-Gade, 1985). The halothane gene appears to be completely 
recessive for the stress traits including mortality, and for reduced 
litter size. The effect of the gene on meat quality is not completely 
clear, as the appearance of PSE may depend to a large extent on 
environmental stressors at the time of slaughter (Kempster et al., 1984). 
These results suggest that the HP animal is at an overall economic 
disadvantage compared to the HN (Webb et al., 1982). Therefore, the 
production of Nn slaughter offspring may give the best economic return. 
However, this would depend on the size of the advantage of the 
heterozygote from the normal homozygote for the growth traits. To 
maximise the economic advantage, lines homozygous for the normal and 
halothane gene would need to be created. 
The decision on whether to eliminate the gene from a line would depend on 
the ongoing selection programme and the frequency of the halothane gene 
in the herd. The choices available range from taking no action or 
maintaining the gene at a low frequency, to attempting to eliminate the 
gene. This chapter will discuss results from a computer program designed 
to simulate culling strategies in a nucleus herd. Selection for 
performance traits was on individual records and the effect of culling 
strategy on response to selection on individual trait and index selection 
is examined. 
6.2 DESCRIPTION OF THE SIMULATED HERD 
A herd comprising of 20 sires and 200 dams was generated by Monte Carlo 
simulation. There was an average of 7 offspring per dam, and offspring 
were selected to be parents of the next generation from first litters 
only. Ten generations of selection were simulated and 20 replicates were 
run. The notation used in the simulation is shown in Table 6.1. 
Parents of the initial generation were randomly assigned a halothane 
genotype for a given incidence of the halothane reaction. Each parent 
was also assigned a genetic value for the quantitative trait from a 
normal distribution with a mean of 0 and standard deviation o. Each 
offspring was randomly assigned a halothane genotype conditional on the 
genotype of its parents and assuming Mendelian segregation. Genetic and 
phenotypic values for the quantitative trait(s) were generated as 
described below for single or index selection. 
TABLE 6.1 
Notation and parameters used for the simulation of single trait selection 




ns 	number of sires per generation 
nd 	number of dams per generation 
rep number of replicates 
gen number of generations 
q 0 	initial gene (n) frequency 
h2 	heritability of trait 
trp 	phenotypic standard deviation 
a 	additive effect of gene, in standard 
deviation units = 	0.5 On - NN) 
d 
	
	dominance effect of gene, in standard 
deviation units = Nn - 0.5 (nn - NN) 












NN 	Nn 	nn 
s 	survival rate of 	1.0 	1.0 	0.9 
offspring 
F 	penetrance 	 0.0 	0.0 	0.9 
g 	breeding value of sire (g m ), dam(g) and offspring (g 0 ) for the 
quantitative trait 
x 	phenotypic value of offspring for quantitative trait 
It was assumed that homozygous positive (nn) animals had a reduced 
survival rate (s) during performance test, and nn dams produced an 
average of (r-1) piglets per litter. The values for the genetic 
parameters used in the simulation are shown in Tables 6.1 for single 
trait and 6.2 for index selection. 
Five different culling strategies were used against the halothane gene. 
These were as follows 
No selection. 
Male offspring culled on individual halothane test. 
Both sexes culled on individual halothane test. 
Full-sib family selection (litter culled if one offspring is HP). 
Complete elimination of the halothane gene in one generation. 
Selection on halothane reaction was completed before animals 	were 
performance tested. 
The following details are summarised from the results of the simulation. 
Proportion of males and females selected. 
Halothane gene frequency in each generation. 
Total number of offspring born, 	number 	culled 	after 
halothane testing and the number of stress related deaths. 
The mean phenotypic value (or index score) of offspring. 
6.2.1 Single trait selection 
The phenotypic (x0 ) and genetic value (g o ) of offspring were generated as 
follows given the genetic parameters in Table 6.1. It was assumed that 
the additive effect (a) of the gene on the trait was constant. 
TABLE 6.2 
Genetic and economic parameters used in the simulation of index selection 
Mean value for each of the three halothane genotypes used in Index 1 or 2 
Trait NN Nn nn Index a 
Daily gain 	 DG 0.90 0.94 0.98 1 0.5 
(kg/day) 0.90 0.90 0.90 2 0.0 
Food conversion 	FCR 2.64 2.52 2.40 1 1,2 05 
ratio 
(kg food/kg gain) 
Backfat (cm) 	BE 2.40 2.50 2.60 1,2 -0.5 
Genetic and phenotypic correlations, heritabilities, standard deviations 
and economic parameters for the traits used in the index. Heritabilities 
are shown on the diagonal, phenotypic and genetic correlations are above 
and below the diagonal respectively. 
Economic 
Trait 	value (p) 	Sd 	DG 	FCR 	BF 	L% 
DG (kg/day) 	977 0.08 0.30 -0.50 0.10 	- 
FCR (per 0.1) 	925 0.24 -0.60 0.30 0.20 	0.00 
BF (cm) 	 - 0.20 0.05 0.30 0.50 	-0.70 
Lean proportion 	60 2.60 -0.05 -0.40 -0.60 	0.45 
(g/kg) 
Index weights 	DG 	b, = 27.28 
	
FCR 	b1 = -82.42 
BE 	b3 = - 56.42 
Standard deviation of the index 	orr. = 120.50 units 
Correlation of index with aggregate genotype rT. = 0.56 
The genetic value of an offspring was calculated given the breeding value 
of its sire (ge ) and dam (ga ). 
Therefore 	g 0 = 0.59s + 0.5g + e 9 
where 	e 	' N(O,YZTA ) 
where 'Lia = genetic variance within a 
full-sib family 
The phenotypic value was dependent on the halothane genotype of the 
offspring. The dominance effect (d) of the gene on the trait was assumed 
to be zero. 
Therefore 	x0(NN) = g 0 + e p 
X0 (Nn) = g 0 + a +  e. 
X0(nn) = Yo + 2a + e? 
where 	e 	'' N(O, R ) 
where 	= 	(1-h)o~ the 
residual variance 
he best 20 male and 200 female offspring were then selected on their 
phenotypic value for the selected trait, to be the parents of the next 
generation. 
6.2.2 Index selection 
Offspring were assigned a genetic and phenotypic value for each of the 
three traits in the index as described in Section 6.2.1. NAG routines 
(NAG Fortran Library Manual, Mark 11, 1983) were used to generate values 
with the genetic and phenotypic correlations specified in Table 6.2. The 
economic values in the table were supplied by the Meat and Livestock 
Commission (see Webb and Simpson, 1986). 
The offspring phenotypic mean (X) and standard deviation (crp) for each 
trait was calculated at each generation. These were used in the 
calculation of index values (I a) for each offspring: 
X 01 -X 1 	XO2 -is. 	X 03 -X3 
Where 	 1 0  = b, 	 + b, 	 + 
ITPI 	 a•p,I 	 •p3 
b,, b and b3 are the index weights given the genetic and economic 
parameters in Table 6.2 used in both Index 1 and 2. The index weights 
were calculated to maximise the economic return. 
The best 20 male and 200 female offspring were selected as parents of the 
next generation on their individual index score. 
6.3 RESULTS 
6.3.1 Single trait selection 
Herds of different initial halothane gene frequency were considered. 
Three types of herds in which the halothane gene was present, were 
considered. These were equivalent to herds in which the gene was at a 
low (q=0.1) or intermediate (q=0.32) frequency, or fixed (nn herd). 
Results were compared to those observed in a herd free of the gene (NN 
herd). The results reported are averages of 20 replicates. 
The selection response was greatest at intermediate frequencies of the 
halothane gene, and when there was no selection against the halothane 
reaction. The difference in the standardised cumulative response between 
herds containing the halothane gene and the NN herd is shown in Figure 
6.1. The average rates of response over the first four generations in 
the herd (q = 0.1) were 18% and 66% more rapid than in the NN herd 
(a = 0.5 and 1.0, respectively). However, as the gene frequency in the 
herd increased above 0.92 and 0.99 (a=0.5 and 1.0, respectively) the rate 
of response fell below that achieved in a NN herd. This fall could be 
explained by a reduction in the selection differential as a result of 
lower litter size and higher proportion of stress deaths and so lower 
selection intensity of parents (Figure 6.2). Similarly, the rate of 
response in the nn herd was about 0.04 standard deviations per generation 
slower than that achieved in the NN herd. The phenotypic difference 
between the two halothane homozygotes corresponds to between 2.2 to 4.6 
generations of selection in the NN herd (a = 0.5 and 1.0, respectively). 
However, if selection for the quantitative trait was maintained in the nn 
herd, normal homoygotes would be expected to achieve superiority over 
halothane hornozygotes after 12.5 and 25 generations. 
Culling on halothane reaction would lead to a reduction in selection 
response for the quantitative trait (Figures 6.3a and b). The greatest 
reduction in rate of response was achieved when full-sib halothane 
information was used in culling individuals, and the initial gene 
frequency was high. The selection intensity of parents is shown in 
Figure 6.2 for individual selection. The halothane gene was maintained 
at an equilibrium frequency as a result of selection against the reaction 
and the advantage of the heterozygote for the quantitative trait (Figures 
6.4a and b). 
Elimination of the gene in a single generation resulted in a loss of 
response in the initial generation, after which the response continued at 
.. 
Figure 6.1 
Cumulative extra response to selection 
by generation on a single trait in herds 
of initial gene frequency 0.10, 032 and 









Mean proportion of offspring selected as 
parents against frequency of the halothane 
gene. The proportion was estimated when 
there was no selection (x) or individual 
selection (o) against halothane reaction 
and averaged over males and females 
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Cumulative response to selection by generation on a single trait in herds 
of initial halothane gene frequency of 0.1 and 0.32 compared to response in 
the NN herd (R). Three methods of culling on halothane reaction are 
shown: individual halothane reaction of male offspring or all offspring and 
use of litter information. 	








Frequency of halothane gene in herds of initial frequency of 0.10 and 0.32 when 
selection against the halothane reaction. Selection strategies included: no 
selection (1); individual halothane test-on--males (2) and all offspring 3); 
litter information (4); complete elimination of gene (5). 	Selection in herd for 
quantitative trait (a=0.5). 
a. q0=0. 1O 
	
b. q0 0.32 
Generation 	 Generation 
the same rate as in the NN herd (Figure 6.5). Above a gene frequency of 
0.7, too few NN offspring were produced to replace their parents. The 
effect of inbreeding on the rate of response was not taken into account 
as family relationships were not used in the selection of offspring. 
However, inbreeding depression and genetic drift would be expected to 
have a larger effect as the gene frequency and number of offspring culled 
increased. 
6.3.2 Index selection 
The average rate of genetic response on the index in the NN herd was 
0.56a1 per generation. A lower rate was achieved in all herds containing 
the gene (Figure 6.6) for both Index 1 and 2. 
Selection on the index in the nn herd was 0.052a (9.3%) per generation 
slower than in the NN herd. The variation in index values between 
replicates resulting from selection on Index 1 is shown in Table 6.3. 
Generally, variation between replicates was lower in herds containing the 
halothane gene than in the NN herd. The frequency of the halothane gene 
was still increasing in herds of intermediate frequency (Figure 6.7) for 
both indexes, although at a much slower rate on Index 2. 
The response to selection for the individual traits in the index is shown 
in Figures 6.8, 6.9 and 6.10. Compared to the NN herd, the rate of 
response for daily gain (DG) and food conversion ratio (FCR) (a=0.5) was 
higher in herds of intermediate frequency. However, the selection 




Cumulative response to selection for a 
quantitative trait (a=O.5) after complete 
elimination of the halothane gene in a 
single generation from herds of different 





Reduction in'cumulative selection ón Index 1 or 2 in herds of initial 
gene frequency of 0.10, 0.32 and 1.00 compared to response in an NN 
herd (R). 	Index 1 : growth rate and food conversion ratio (a=0.5), 
backf at (a=-0.5); Index 2 : growth rate (a=0.0). 
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Figure 6.8 
Cumulative response to selection in growth rate (a=0.5) in herds of initial 
gene frequency q=0.00, 0.10, 0.32 and 1.00 on Index 1. 














Cumulative response to selection on food conversion ratio (a=0.5) in 
herds of initial gene frequency, q=0.00, 0.10, 0.32 and 1.00, on 
Index 1. 





q = 1 . 00 
a. No selection against halothane reaction b. Culling on individual halothane reaction 
Response 
Figure 6. 10 
Cumulative response to selection on backfat (a=-0.5) in herds of initial 
gene frequency, q=0.00, 0.10, 0.32 and 1.00, on Index 1. 
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TABLE 6.3 
Standard error of the mean index value for 20 replicates of selection on 
Index 1 in herds of different initial halothane gene frequency (q o) 
Initial gene frequency (q 0 ) 
Generation 0.00 0.10 0.32 1.00 
0 9.61 10.27 5.49 9,50 
1 13.25 14.60 8.25 14.82 
2 19.66 17.15 12.18 19.10 
3 24.30 12.75 14.01 20.81 
4 25.93 16.88 11.87 24.17 
5 26.09 23.83 17.81 24.06 
6 26.10 29.76 17.71 25.92 
7 28.14 34.44 18.92 27.82 
8 26.72 32.50 21.29 31.50 
9 35.39 33.46 19.60 34.99 
The effect of using individual halothane records to select against the 
halothane reaction only was considered. The rate of response was, as 
expected, slower when there was selection against the halothane reaction 
(Figure 6.11). However, this trend was reversed after about 8 
generations. 
6.4 DISCUSSION 
The theory of selection for a quantitative character influenced by a gene 
with a major effect on the trait has been discussed by Smith and Webb 
(1981) and Smith (1982) with respect to the halothane gene. Results from 
Figure 6. 11 
Cumulative response to selection on Index 1 
when culling was on individual halothane 
phenotype (Re) compared to response in herd 
without culling (R.). 	Initial gene frequency 















the simulation were in agreement with the majority of their predictions 
for a single trait. However the the effect of a major gene on the 
response from selection on an index may be more complex than previously 
suggested. 
When selection was for a single trait only, an increase in selection 
response at intermediate gene frequencies was observed. It was expected 
that the selection response would not be constant over the three 
genotypes, but differ due to genetic disequilibrium caused by selection 
affecting the selection differential within each genotype. This would 
result in the phenotypic differences between Nn and nn, compared with NN, 
being lower than a and 2a. This effect was observed (Table 6.4) up to 
gene frequencies of 0.9, after which the proportion of NN and Nn 
individuals selected was very low. 
Selection against the halothane homozygote by halothane testing resulted 
in the gene being maintained at an equilibrium frequency. The gene 
frequency attained was dependent on the selection pressure against the 
halothane reaction and the additive effect of the gene for the trait. At 
the equilibrium value, a reduction in the selection response was expected 
as a result of a decrease in the number of offspring available for 
selection. A similar loss of response was also observed when the gene 
frequency was at a high level (q > 0.9). 
Complete elimination of the gene in a single generation resulted in a 
genetic lag in the rate of response. The size of this lag would depend 
on the number of offspring culled and the time taken for elimination of 
the gene. For example, the use of progeny testing could lead to a 
generation of selection being lost, as halothane phenotypes of offspring 
TABLE 6.4 
Change in the phenotypic difference between Nn, nn and NN in standard 
deviation units after selection on a single trait. Initial values for 
the additive effect of the gene on the trait were a = 0.5 and 1.0 
a = 0.5 a = 1.0 
Gene Gene 
frequency Nn-NN nn-NN frequency Nn-NN nn-NN 
Generation in parents a 2a in parents a 2a 
0 0.10 0.50 1.01 0.10 1.00 2.01 
1 0.17 0.44 0.81 0.24 0.91 1.79 
2 0.29 0.43 0.77 0.53 0.89 1.79 
3 0.43 0.42 0.83 0.79 0.83 1.71 
4 0.57 0.42 0.87 0.92 0.84 1.70 
5 0.71 0.47 0.92 0.98 1.33 2.16 
6 0.81 0.29 0.75 0.99 1.48 2.51 
7 0.88 0.39 0.78 1.00 1.58 2.90 
8 0.92 0.60 1.02 
9 0.95 0.81 1.17 
would be required before selection of parents could take place. 	Total 
elimination of the gene in a single generation would require the 
introduction of animals from outside the nucleus if the gene frequency 
was very high since there would be few NN individuals available for 
breeding. Halothane screening may therefore provide a more gradual means 
of reducing the gene frequency. Once the equilibrium frequency is 
reached, the remaining carriers may be eliminated by genotyping without 
too great a loss in response. 
The advantages of an nn line for a single carcass trait were equivalent 
to 	2 to 5 generations of selection in a NN line. In order to maintain 
its advantage, selection in the nn herd would have to be maintained at 
the same rate as for the NN line. This would mean either an increased 
herdszecCincreased selection intensity in the nn herd. 
The expected response on an index from one generation of selection is a 
function of the selection differential (i), the correlation of the 
aggregate breeding value with the index (r ) and the standard deviation 
of the index (ok). The expected response would also depend on the effect 
of the gene on the component traits in the index. At present, the size 
of the effects have been estimated with a low accuracy. However, they 
are of great importance for the prediction of response and the gains and 
losses to be expected as a result of the presence of the halothane gene. 
The results reported in this chapter are therefore specific to the 
parameters used and any general conclusion should be treated with 
caution. However, they do give an indication of the responses which may 
be expected. 	Given the parameters in Table 6.2, 30% of the gain in 
Index 1 was on a single trait (BF) for which a = -0.5. 	This combined 
with reduced selection intensity due to smaller litter sizes and 
increased death losses resulted in lower rates of response on the index 
in herds containing the gene than the NN herd. The response was further 
reduced when selection was on Index 2 as 11% of the gain was for a trait 
(GR) not affected by the halothane gene. This reduction in rate of 
response was very small in herds of intermediate gene frequency, at less 
than 0.05ci per generation. 
The mean difference in index values between herds of differing gene 
frequency was very small. At the initial generation, differences between 
the homozygotes on Index 1 amounted to 0.45o. 	If the selection 
continued at its present rate, this difference was expected to be 
eliminated after 9 generations of selection. 
The increase in gene frequency was slowed by selection on an index in 
which at least one trait was negatively affected by the gene. It is 
suggested that if traits which are negatively associated with the 
halothane gene are also incorporated into the index, then the gene 
frequency may be indirectly reduced. Such traits could include meat 
quality and selection for litter size using family records. 
Selection against the halothane reaction in herds of intermediate gene 
frequency using individual halothane records had the effect initially of 
decreasing the response further. The response then increased above the 
level achieved before selection. The simulation would have needed to be 
continued for several more generations to determine whether this trend 
continued. The apparent increase in response appeared to be due to an 
increase in selection response in trait 3 (Figure 6.10). 
The economic impact of the halothane gene would have to include both the 
multiplier and commercial layers of the pyramid in any calculation of 
cost or benefit to the nucleus. The economic parameters would include 
numbers born, cost of halothane testing, number of deaths and response on 
the index. Results from the nucleus suggest that herds of intermediate 
or high gene frequency would be at a loss compared to an NN herd as a 
result of decreased selection response and continuous halothane testing. 
Therefore, if the halothane gene frequency is at a low enough level, it 
may be beneficial in the long term to eliminate the gene from the line. 
The response in the nn herd from selection on the index used in the other 
herds was at a much lower rate. Therefore in this herd, selection effort 
should be concentrated on those traits such as lean percentage and food 
efficiency which are positively associated with the gene in order to 
maximise the response on the index. 
The use of specialised sire and dam lines would take advantage of the 
benefits from the presence of the halothane gene without the 
disadvantages when selection criteria are for several traits. 
6.5 CONCLUSIONS 
The response from selection on a single trait or an index affected by the 
halothane gene was evaluated for given genetic parameters and at variable 
gene frequency. The rate of response from single trait selection was 
greatest at intermediate gene frequencies. The frequency of the 
halothane gene increased as a result of selection on the index, although 
at a much slower rate than on a single trait. The response on the index 
in herds containing the gene was slightly slower than in the halothane 
negative herd. Accurate estimation of the effects of the halothane gene 
on performance traits is required in order to quantify the expected 
response. 
GENERAL DISCUSSION 
Statistical approaches to the analysis of halothane reaction data have 
become more sophisticated over recent years. This has been aided by the 
use in animal genetics of statistical theory and computer packages 
originally aimed at the analysis of human genetics data. This has 
allowed parameters for a given genetic model to be estimated with more 
precision, and from data as divergent as experimental lines and 
commercial herd records. However, areas of uncertainty remain, and some 
of these are discussed below. 
The use to which a breeding company puts the information gained on the 
inheritance of the halothane reaction depends on the breeding programme 
used in the herd. The change in gene frequency will depend on the 
selection objectives used. The relative costs and benefits resulting 
from the presence of the gene would need to be investigated before a 
strategy of selection for or against the gene is implemented. 
7.1 Inheritance of reaction 
The halothane test has been used as a predictor of animals likely to 
develop the Porcine Stress Syndrome as a result of halothane anaesthesia 
triggering a Malignant Hyperthermia-like reaction in susceptible pigs. 
The halothane reaction is believed to be inherited as a single, 
completely recessive gene with incomplete penetrance. This has been 
demonstrated for all the major pig breeds in the world (Table 2.1). The 
exceptions have been for the British Landrace (BL) and Large White (LW). 
The alternative model for the Landrace (Carden et al., 1983) which 
predicted that 22% of heterozygotes react to halothane and the absence of 
information on the inheritance in the Large White has led to uncertainty 
about the effect of selection on the halothane gene in these two breeds. 
Anomalies between models of inheritance may arise from several sources. 
These include assumptions on the distribution of the gene in the 
population from which the animals were sampled. One assumption often 
used is that animals are a random sample from a herd in Hardy-Weinberg 
equilibrium for the gene. This may appear reasonable given a lack of 
information on the selection policy in the herd. However, if selection 
strategies in the herd lead to a change in gene frequency, assumption of 
Hardy-Weinberg may lead to an over- or under-estimate of the true gene 
frequency, together with a different model of inheritance being 
indicated. 
The analysis of a single small sample may be prone to errors of sampling 
and parents may be subject to phenotyping errors. Also, founder parents 
were obtained from several herds, each of which would have its own 
selection programme. Therefore, conclusions dr awn from this analysis 
would need to be supported by similar observations from other independent 
sources in order to be generally accepted. 
The comments made above could be levelled at the analysis of the British 
Landrace halothane selection lines (Chapter 3) and Large White test 
matings (Chapter 4). On their own, individual generations of the 
selection lines provided inconclusive evidence for either the complete or 
incomplete recessive models. A possible explanation may have been chance 
sampling as a result of small numbers of sires and dams in each 
generation. However, analysed together with the inter-line crosses•, the 
results showed that the probability of a heterozygote reacting was very 
low, less than 5%. This conclusion was in agreement with results from 
the test mating of commercial animals and halothane data within a 
breeding herd (Chapter 5). 
The mode of inheritance in Large White could not be determined with 
certainty, probably as a result of the small sample size. The test 
mating of Large White to known reactors indicated the identity of 
possible heterozygous parents. However test matings among these putative 
heterozygotes suggested that a high proportion had been misclassified. 
Although three generations of Large White data were analysed together, 
the number of litters per sire was small. The addition of the final two 
generations of Large White data into the pedigree analysis may help 
clarify the mode of inheritance in this breed. 
7.2 Changes in gene frequency and penetrance 
The observed incidence of halothane reaction averaged over eight British 
Landrace breeding company nucleus herds increased significantly from 
13.2% to 17.8% in 3 years (1979 to 1982). Most of this increase could be 
attributed to a single herd. The incidence among nine Large White 
sources increased from zero to an estimated 1.4% in the same time period. 
It is not known whether these increases were a result of sampling, 
genetic drift or an association with performance traits. 
A rough estimate of the economic effect of this increase in incidence of 
halothane reaction can be obtained by looking at the expected change in 
proportion of the slaughter generation with poor meat quality, using the 
method of Webb and Simpson (1986). Two situations are examined: in the 
first, the (LW x BL) Fl female is backrossed to a LW boar, and in the 
second, the Fl female is crossed to a halothane homozygous (nn) terminal 
sire to produce the slaughter offspring. The incidence of halothane 
reaction at each stage of the production system and the proportion of 
slaughter offspring with PSE can then be estimated. 	The results are 
shown in Table 7.1. 	It was assumed that the halothane reaction was 
inherited as a complete recessive gene with penetrance of 80% and that 
36% of halothane reactors (HP) produced PSE. The table indicates that 
the proportion of PSE attributable to the halothane gene would increase 
from only 6% to 9% in the slaughter generation given these parameters. 
As the incidence of mortality among halothane reactors is lower still, 
the increases in incidence of halothane reaction are expected to be of 
little economic importance. 
Selection against the halothane reaction by halothane testing can prove a 
rapid means of decreasing the incidence of reaction. This was shown for 
a British Landrace nucleus herd (Section 5.3) in which the incidence of 
halothane reaction was reduced from 40% to 17% after 2 generations of 
individual selection against reactors. 
One of the factors reducing the rate of elimination of the gene is 
incomplete penetrance. An average of 90% nn British Landrace from the 
halothane positive selection line were estimated to react to the test. 
Expression of halothane reaction is suggested to have both genetic and 
environmental components. Reaction time to halothane exposure is 
variable and selection for faster reactors may lead to greater expression 
of reaction. Despite the low estimate of heritability of 0.07+0.06 in 
British Landrace, it was estimated by Blasco and Webb (unpublished) that 
reaction time could be changed by 6% of the mean per year. However, this 
assumes decreased reaction time will lead to an increase in penetrance. 
TABLE 7.1 
Predicted change in the proportion of PSE slaughter offspring between 1979 and 1982 from the 
use of a Large White or nn terminal sire. Complete recessive inheritance of the halothane 
reaction was assumed with 80% penetrance and PSE occurring in 36% of halothane reactors. 
Incidence of halothane reaction (% HP) 
Large 	British 	 Terminal 	Slaughter 	Proportion of 
White Landrace LWxBL 	sire (IS) generation PSE in slaughter 
Year 	(LW) 	(BL) 	(Fl) LW 	nn 	TSxF1 	 generation 
1979 	0.0 	13.2 	0.0 	0.0 	- 	0.0 
	
0.0 
0.0 13.2 0.0 - 100.0 16.2 5.8 
1982 	1.4 17.8 5.0 1.4 	- 	3.2 1.2 
1.4 17.8 5.0 - 	 100.0 24.1 8.7 
Although quite likely, there is no direct evidence for this yet. 	The 
weight of an animal at test, its sex and the environmental temperature at 
the time of test all seem to play a role in affecting the penetrance. 
Therefore, a standardised test procedure could be used in order to 
maximize the number of nn individuals which react. 
An interesting result to come out of the anlysis of British Landrace data 
was that maternal halothane phenotype affected the halothane sensitivity 
of her offspring. Three percent of Nn offspring were estimated to react 
when born out of a reactor dam compared to zero for the reciprocal cross. 
The mechanism through which this worked and how the effect remained after 
weaning is not known. Maternal influence, both genetic and 
environmental, is thought to have a role in reproductive performance, 
disease resistance and growth traits in dairy cattle (McDaniel, 1986) and 
pigs (Robison, 1972; Dzapo et al., 1983). It is possible therefore that 
maternal influence could extend to traits such as stress susceptiblity. 
Further investigation is required to understand this effect. A larger 
number of offspring per sire would therefore be required to reduce the 
probability of misclassification from the test mating of boars to HP 
females. 
7.3 Application to the commercial pig breeder 
What should the commercial pig breeder or breeding company do with this 
information? Culling on individual or family halothane test information 
will reduce the incidence of reaction within a herd. The rate at which 
this happens and the minimum frequency obtained depends on the culling 
pressure and the effect of the gene on the performance traits selected 
for in the main selection programme. 
There have been few published reports on the performance of 	the 
heterozygote relative to the two homozygotes. 	Table 7.2 shows the 
estimated genotypic values for several performance traits from the 
available results. Values have usually been estimated on either small or 
poorly genotyped data. As a result of differences in breed or feeding 
level and the variety of traits measured, the comparison of results 
across studies is difficult. However, there is little evidence to 
suggest that the gene shows complete additivity for any 	of 	the 
performance traits. Even within a single breed (Eikelenboon et al., 
1980) the estimated effect of the halothane gene on traits was very 
variable. There is a need to accurately estimate the effect of the gene 
on the component traits of the selection index, ideally in the population 
to which the results are to applied. Obviously a method for genotyping 
animals is required. A blood test based on either the use of DNA 
polymorphisms (Archibald, 1985) or blood groups (Gahne and Juneja, 198) 
may provide a possible method in the future. Estimates of economic 
benefit have assumed that the heterozygote is completely intermediate 
between the homozygotes. This may overestimate both the real change in 
gene frequency from selection on performance traits and the economic 
performance of the slaughter generation. 
Estimation of the effects of the halothane gene on all performance traits 
would allow prediction of changes in gene frequency expected from the 
present selection objectives, and the selection response in the presence 
of the gene. This would give an indication of whether an increase in 
gene frequency is expected from selection and the effectiveness of 
culling to reduce the reaction frequency. The aim for the future will be 
to determine the breeding strategy which optimizes the economic merit of 
the slaughter offspring. This may involve specialised sire and dam lines 
TABLE 7.2 
Pulished reports on the effect of the halothane gene on performance 
traits 
+ 
No. 	Genotypic value 
Trait 	 animals a 	 d 	Reference 
Food conversion 1332 -0.01 -0.01 2 
ratio 1483 0.01 0.03 2 
265 0.01 0.11 4 
94 -0.09 0.04 6 
Daily gain 	(g) 1332 -2.00 -2.00 2 
1483 8.50 8.50 2 
265 -19.50 -20.50 4 
109 -4.50 32.50 5 
94 21.50 -8.50 6 
123 21.00 26.00 7 
465 -4.00 5.00 7 
Ultrasonic 1332 -1.30 -1.00 2 
backfat (mm) 1483 -0.65 -0.05 2 
109 0.10 0.70 5 
% loin 1332 0.25 -0.25 2 
1483 0.35 0.05 2 
123 1.35 -0.35 8 
% 	lean 	(loin) 202 2.65 0.35 4 
Meat quality 135 -0.71 0.52 1 
1332 -0.65 0.52 2 
1483 -0.60 0.50 2 
564 -0.54 -0.25 3 
339 -0.78 0.58 4 
114 2.75 -0.55 6 
+ 	Genotypic value: a=0.5 (nn -NN);d=Nn-0.5 (nn +NN) 
If halothane gene is completely additive d = 0.0 
Meat quality: index - references 1, 3, 4; score (4-8) - reference 2; 
EEL units - reference 6. 
High value indicates better quality for index and score; lower value 
for EEL. 
References: 1. Andresen et al., 1981; 	2. Eikelenboom et a]., 1980; 
3. Jensen and Andresen, 1980; 4. Jensen and Barton-Gade, 
1985; 	 5. Luescher et al., 1979; 
6. Lundstrom et a]., 1985; 	7. Schneider et al., 1980; 
8. Schworer, 1982. 
in which the gene has been fixed or eliminated respectively, and 
determination of the selection objectives which would maximize the 
response to selection in the two lines. 
Finally, as a result of the simple inheritance of the halothane reaction, 
halothane screening can provide a means of reducing the frequency of the 
halothane gene in the population. However, complete elimination of the 
gene from a maternal line is at present only possible through expensive 
test mating. Therefore, a more efficient test is required for the 
heterozygote, and evidence of the value of the halothane gene on 
performance traits before elimination is contemplated. 
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APPENDIX 
Data from the British Landrace halothane test matings used in this thesis 
a. British Landrace halothane selection lines 











Sire No. Line of tested Sire No. Line of tested 
no. Litters Sire Dam Tot. 	No.HP no. Litters Sire Dam Tot. No.HP 
1 1 1 1 9 2 15 1 2 2 12 	3 
1 1 1 1 4 	0 15 1 2 2 3 3 
2 1 1 1 6 4 16 1 2 2 9 	8 
2 1 1 1 8 	0 17 1 2 2 10 7 
3 2 1 1 13 0 17 1 2 2 10 	2 
4 1 1 1 7 	0 17 1 2 2 7 2 
4 1 1 1 7 1 17 1 2 2 2 	1 
5 3 1 1 16 	0 18 1 2 2 11 10 
6 3 1 1 17 0 19 1 2 2 7 	2 
7 1 1 1 6 	2 20 1 2 2 5 0 
8 2 1 1 13 0 20 1 2 2 5 	5 
8 1 1 1 11 	2 21 1 2 2. 6 3 
9 3 1 1 15 0 21 1 2 2 4 	2 
10 2 1 1 13 	0 21 1 2 , 2 7 6 
10 1 1 1 9 1 21 1 2 2 1 	1 
11 1 1 1 6 	0 22 1 2 2 6 3 
12 3 1 1 24 0 22 1 2 2 7 	3 
13 1 1 1 5 	0 23 1 2 2 9 2 
14 3 1 1 25 0 23 1 2 2 10 	8 
23 1 2 2 11 8 
24 1 2 2 9 	2 
24 1 2 2 5 4 
24 1 2 2 9 	5 
25 1 2 2 6 1 
26 1 2 2 4 	0 
27 1 2 2 7 6 
27 1 2 2 6 	6 
28 1 2 2 10 10 
ii Generation 2 
Offspring 
Sire No. Line of tested 
no. Litters Sire Dam Tot. 	No.HP 
29 3 1 1 30 0 
30 3 1 1 25 	0 
31 4 1 1 29 0 
32 2 1 1 21 	0 
32 1 1 1 8 1 
33 2 1 1 7 	0 
34 3 1 1 18 0 
35 3 1 1 26 	0 
36 3 1 1 27 0 
Offspring 
Sire No. Line of tested 
no. Litters Sire Dam Tot. No.HP 
37 3 2 2 18 	18 
37 1 2 2 8 7 
38 1 2 2 7 	7 
38 1 2 2 12 8 
39 2 2 2 12 	12 
39 1 2 2 6 4 
39 1 2 2 6 	4 
40 2 2 2 20 20 
40 1 2 2 6 	5 
41 2 2 2 10 10 
41 1 2 2 7 	4 
41 1 2 2 8 7 
41 1 2 2 7 	6 
42 1 2 2 7 7 
42 1 2 2 8 	4 
42 1 2 2 7 4 
42 1 2 2 9 	8 
43 1 2 2 3 2 
44 1 2 2 9 	8 
44 1 2 2 7 5 
45 3 2 2 19 	19 
45 1 2 2 5 4 
46 2 2 2 12 	12 
46 1 2 2 7 6 
46 1 2 2 10 	4 
47 1 2 2 9 3 
47 1 2 2 7 	7 
iii Generation 3 
Offspring 
Sire No. Line of tested 
no. Litters Sire Dam Tot. 	No.HP 
48 3 1 1 18 0 
48 1 1 1 9 	1 
48 1 1 2 7 6 
48 1 1 2 7 	3 
49 1 1 1 10 0 
49 2 1 2 19 	0 
50 2 1 1 11 0 
50 1 1 2 8 	2 
50 1 1 2 9 3 
51 2 1 1 12 	0 
51 1 1 1 6 3 
52 3 1 1 20 	0 
52 1 1 1 11 1 
52 1 1 2 12 	6 
52 1 1 2 10 3 
53 2 1 1 17 	0 
53 1 1 1 3 1 
53 1 1 2 9 	1 
54 5 1 1 33 0 
55 2 1 1 10 	0 
55 1 1 1 2 1 
55 1 1 2 10 	1 
55 1 1 2 11 0 
56 4 1 1 32 	0 
57 3 1 1 22 0 
58 3 1 1 27 	0 
59 1 1 1 3 0 
Offspring 
Sire No. Line of tested 
no. Litters Sire Dam Tot. No.HP 
60 1 2 2 3 	0 
60 1 2 2 5 4 
60 1 2 2 8 	8 
60 1 2 1 7 1 
60 1 2 1 13 	0 
61 1 2 2 4 3 
61 1 2 2 5 	5 
61 1 2 2 7 6 
61 1 2 2 3 	2 
61 1 2 2 8 4 
61 1 2 2 10 	9 
61 1 2 1 11 0 
61 1 2 1 7 	1 
62 3 2 2 15 15 
62 1 2 2 4 	3 
62 2 2 1 16 0 
63 2 2 2 7 	7 
63 1 2 2 4 3 
63 1 2 2 4 	1 
63 1 2 1 8 3 
64 1 2 2 4 	4 
64 2 2 1 14 0 
65 1 2 2 4 	4 
65 1 2 2 7 6 
65 1 2 2 8 	7 
66 1 2 2 9 8 
66 1 2 2 4 	4 
67 2 2 2 16 16 
67 1 2 2 8 	6 
67 1 2 2 9 8 
67 2 2 1 17 	0 
68 2 2 2 16 16 
68 1 2 2 2 	1 
68 1 2 2 3 2 
69 3 2 2 12 	12 
69 1 2 2 10 9 
69 1 2 2 12 	10 
69 2 2 1 13 0 
70 3 2 2 14 	14 
70 1 2 2 6 5 
iv Generation 4 
Offspring 
Sire No. Line of tested 
no. Litters Sire Dan, Tot. 	No.HP 
71 4 1 1 33 0 
71 1 1 1 10 	5 
71 1 1 2 9 1 
72 5 1 1 34 	0 
72 1 1 2 8 0 
73 3 1 1 19 	0 
74 1 1 1 4 1 
75 2 1 1 21 	0 
75 1 1 2 7 0 
76 4 1 1 32 	0 
76 1 1 1 7 1 
76 1 1 2 10 	5 
76 1 1 2 6 2 
77 5 1 1 35 	0 
77 2 1 2 15 0 
78 4 1 1 31 	0 
78 1 1 2 10 0 
79 3 1 1 21 	0 
79 1 1 1 10 1 
79 1 1 2 14 	7 
79 1 1 2 5 2 
80 3 1 1 18 	0 
Offspring 
Sire No. Line of tested 
no. Litters Sire Dam Tot. No.HP 
81 3 2 2 21 	21 
81 1 2 2 10 9 
82 3 2 2 28 	28 
82 1 2 2 6 5 
82 1 2 2 6 	3 
82 1 2 1 9 0 
83 3 2 2 20 	20 
83 1 2 2 6 3 
83 1 2 2 8 	7 
83 1 2 1 8 0 
84 1 2 1 3 	0 
85 3 2 2 21 21 
85 1 2 2 5 	4 
85 1 2 2 6 4 
85 1 2 1 5 	0 
86 1 2 2 7 7 
86 1 2 2 11 	10 
86 1 2 2 9 7 
86 1 2 2 8 	7 
86 1 2 1 6 4 
86 1 2 1 10 	1 
87 2 2 2 13 13 
88 4 2 2 33 	33 
88 1 2 2 9 8 
88 1 2 1 7 	2 
88 1 2 1 10 0 
89 1 2 2 9 	9 
89 1 2 2 4 3 
89 1 2 1 9 	0 
90 1 2 2 8 8 
90 1 2 2 8 	7 
90 1 2 2 8 7 
90 1 2 2 6 	5 
91 2 2 2 15 15 
92 3 2 2 26 	26 
92 1 2 1 9 3 
92 1 2 1 9 	0 
v Generation 5 
Offspring Offspring 
Sire No. Line of tested Sire No. Line of tested 
no. Litters Sire Dam Tot. 	No.HP no. Litters Sire Dam Tot. No.HP 
93 4 1 1 26 0 104 4 2 2 25 	25 
94 1 1 1 6 	0 104 1 2 2 5 4 
95 5 1 1 32 0 104 1 2 1 4 	4 
95 1 1 2 8 	5 104 1 2 1 10 4 
95 1 1 2 8 3 105 2 2 2 13 	13 
96 5 1 1 38 	0 105 1 2 2 7 5 
96 2 1 2 18 0 105 1 2 2 6 	5 
97 6 1 1 45 	0 105 1 2 2 11 10 
97 2 1 2 14 0 105 2 2 1 16 	0 
98 3 1 1 18 	0 106 4 2 2 28 28 
98 1 1 1 7 2 106 1 2 2 4 	2 
98 1 1 1 5 	2 106 1 2 2 8 7 
98 1 1 2 6 4 106 1 2 1 3 	0 
98 1 1 2 5 	2 107 3 2 2 15 15 
99 3 1 1 24 0 107 1 2 2 9 	8 
99 1 1 1 9 	3 107 2 2 1 14 0 
99 1 1 1 9 4 108 1 2 2 1 	0 
99 1 1 2 9 	2 108 1 2 2 5 5 
99 1 1 2 10 8 108 1 2 2 4 	3 
100 5 1 1 36 	0 108 1 2 2 5 4 
100 1 1 2 6 0 109 1 2 2 10 	8 
101 5 1 1 35 	0 109 1 2 1 7 0 
101 1 1 2 8 4 109 1 2 1 10 	5 
101 1 1 2 8 	3 110 2 2 2 7 7 
102 2 1 1 16 0 110 1 2 2 6 	5 
103 1 1 1 9 	1 110 1 2 2 9 8 
103 1 1 2 5 4 110 2 2 1 14 	0 
103 1 1 2 11 	6 111 5 2 2 32 32 
111 1 2 1 7 	0 
111 1 2 1 11 6 
112 4 2 2 15 	15 
113 1 2 2 8 6 
113 1 2 2 4 	3 
113 1 2 2 2 2 
b. 	British Landrace Rackcrosses 
Line of sire and dam 
1 = SR line 
2 = SS line 
3=SS sire xSRdam (HN) 
4 = SR sire x SS dam (HN) 
5=SSsire xSRdam (HP) 
6 = SR sire x SS dam (HP) 
I Backcross 1 
Offspring Offspring 
Sire No. Line of tested Sire No. Line of tested 
no. Litters Sire Dam Tot. 	No.HP no. Litters Sire Dam Tot. No.HP 
114 2 1 3 15 0 121 1 2 3 2 	2 
114 2 1 4 17 	0 121 1 2 3 4 3 
115 1 1 3 7 1 121 1 2 4 6 	3 
115 1 1 4 6 	4 121 1 2 4 7 2 
116 3 1 3 20 0 122 1 2 3 6 	3 
117 2 1 3 10 	0 122 1 2 4 1 0 
117 2 1 4 15 0 122 1 2 4 7 	2 
118 2 1 3 10 	0 123 1 2 3 9 4 
118 2 1 4 16 0 123 1 2 4 3 	0 
119 2 1 3 9 	0 123 1 2 4 4 2 
119 2 1 4 15 0 124 1 2 3 8 	4 
120 •1 1 3 6 	1 124 1 2 4 7 3 
120 2 1 3 15 0 125 1 2 3 4 	0 
120 1 1 4 7 	0 125 1 2 3 8 1 
125 1 2 4 6 	0 
125 1 2 4 9 3 
126 2 2 3 10 	0 
126 1 2 3 7 5 
126 1 2 4 8 	4 
ii Backcross 2 
Offspring Offspring 
Sire No. Line of tested Sire No. Line of tested 
no. Litters Sire Dam Tot. 	No.1-IP no. Litters Sire Dam Tot. 	No.FIP 
114 2 1 3 14 0 122 1 2 3 8 4 
114 2 1 4 14 	0 122 1 2 3 9 	8 
116 2 1 3 15 0 122 1 2 3 10 6 
116 3 1 4 26 	0 122 1 2 4 5 	3 
117 2 1 3 18 0 122 1 2 4 10 6 
117 1 1 4 11 	0 123 1 2 3 11 	1 
120 2 1 3 17 0 123 1 2 3 13 9 
120 2 1 4 17 	0 123 1 2 4 9 	3 
127 1 1 3 7 3 123 1 2 4 9 2 
127 1 1 3 8 	2 128 1 2 3 6 	4 
127 1 1 3 9 2 128 1 2 3 10 5 
127 1 1 4 7 	1 128 1 2 3 13 	6 
129 1 2 3 10 6 
129 1 2 3 10 	4 
129 1 2 4 10 5 
130 1 2 3 7 	6 
130 1 2 3 8 3 
130 1 2 4 7 	3 
130 1 2 4 13 6 
iii Backcross 3 
Offspring Offspring 
Sire No. Line of tested Sire No. Line of tested 
no. Litters Sire Dam Tot. 	No.HP no. Litters Sire Dam Tot. No.HP 
131 1 2 3 6 2 138 1 2 3 3 	2 
131 1 2 3 10 	1 138 1 2 3 6 2 
131 1 2 4 10 3 138 1 2 3 11 	5 
131 1 2 4 12 	2 138 1 2 4 3 1 
132 1 2 3 11 2 138 1 2 4 7 	O 
132 1 2 4 10 	3 139 1 2 3 7 3 
133 1 2 3 4 2 139 1 2 3 12 	4 
133 1 2 3 7 	2 139 1 2 3 12 1 
133 1 2 3 11 5 139 1 2 4 6 	3 
133 1 2 4 5 	3 140 1 2 3 9 2 
134 1 2 3 11 0 140 1 2 4 1 	0 
134 1 2 4 4 	1 140 1 2 4 5 1 
134 1 2 4 10 3 141 1 2 3 3 	0 
135 1 2 3 7 	3 141 1 2 4 5 3 
135 1 2 3 10 3 142 1 2 3 6 	1 
135 1 2 3 11 	1 142 1 2 3 10 0 
135 1 2 4 7 3 142 1 2 4 7 	1 
135 1 2 4 9 	2 143 1 2 3 1 0 
136 1 2 3 10 4 143 1 2 4 5 	1 
137 1 2 3 3 	1 143 1 2 4 5 0 
137 1 2 3 6 4 
137 1 2 4 6 	1 
137 1 2 4 6 1 
iv Backcross 4 
Offspring Offspring 
Sire No. Line of tested Sire No. Line of tested 
no. Litters Sire Dam Tot. 	No.HP no. Litters Sire Dam Tot. No.HP 
144 1 2 3 9 2 147 1 2 4 7 	5 
144 1 2 4 7 	3 147 1 2 4 6 4 
144 1 2 6 7 7 147 2 2 6 17 	17 
144 1 2 6 10 	9 148 1 2 3 4 3 
145 1 2 3 8 4 148 1 2 4 7 	4 
145 1 2 4 10 	3 149 1 2 3 7 2 
145 1 2 4 5 3 149 1 2 3 5 	4 
145 1 2 5 7 	6 149 1 2 4 8 3 
145 2 2 6 16 16 149 1 2 5 8 	7 
146 1 2 4 8 	8 149 2 2 6 15 15 
146 1 2 5 8 6 150 1 2 3 3 	3 
c. Published paper 
In the following paper 'Selection against halothane reaction in a 
commercial Landrace nucleus herd' (Mercer and Southwood, 1986), the 
analysis of carcass traits was by Dr. J.T. Mercer. 
SELECTION AGAINST HALOTHANE REACTION IN A COMMERCIAL LANDRACE 
NUCLEUS HERD 
I.T. Mercer, Northern Pig Developmeht Company, Manor House, Beeford, Driffield, 
North Humberside, England, Y025 8BD 
),I. Southwood, A.F.R.C., Animal Breeding Research Organisation, Kings Buildings, 
West Mains Road, Edinburgh, Scotland, EH9 3JQ 
;umary 
Data are presented showing the incidence of halothane reaction in 10657 
ritish Landrace tested in a commercial nucleus herd, in which positive reactors 
HP) animals were not allowed to breed. Incidence of halothane reaction de-
:lined from 0.42 to 0.16 over a period of 4 years, but the calcnlated gene 
frequency only changed from 0.58 in non-selected pigs to 0.43 in halothane neg-
tive (HN) pigs over two generations of selection. • Estimated penetrance for 
:he recessive homozygotes was 0.8 to 0.9, and 0.0 to 0.018 for the heterozygotes. 
['here was some evidence to suggest that heterozygotes had a selective advantage, 
nd that this was leading to stabilising selection. The study demonstrates 
:hat halothane screening can successfully lower the incidence of halothane 
reaction under field conditions, although the rates at which this is achieved 
nay be slow. 
Introduction 
The importance of the halothane gene (HAL) in pigs was first recognised 
wer ten years ago (Eikelenboom and Minkema, 1974). The effects of the gene 
)fl carcass traits have been reviewed by Webb et al (1982) who conclude that 
wer a wide range of breeds it may be economically beneficial to produce heter-
zygous slaughter generation animals, but that a net loss would occur in homo-
ygous recessives. The advantage in heterozygotes, which comes largely from an 
Increased lean yield, does not appear to be as great in British Landrace (BLR) 
is in other, meatier breeds such as the Dutch or Belgian Landrace (Simpson et al 
985). It has been demonstrated that the frequency of the halothane gene can be 
readily modified by selection (Webb, 1981). However, Smith (1982) has suggested 
:hat simultaneous selection for other traits could lead to stable equilibria, 
rnd losses in selection differential at the equilibria. Furthermore, in BLR it 
ias been suggested that the mode of inheritance does not conform to a single, 
:ompletely-recessive gene hypothesis. An average of 22% of the •heterozygotes 
nay react to a halothane test, and the penetrance of the homozygous recessive is 
Incomplete (Carden, 1982, Carden et al, 1983). These factors are likely to 
ffect the rate at which the gene frequency is reduced by selection against 
-ialothane reactors. 
This paper examines the effect of selection against the halothane gene in 
commercial population of BLR. 
4aterial And Methods 
The population studied over a period of 4 years was a commercial nucleus 
ierd of BLR, Consisting of approximately 170 sows and 17 boars at any one time. 
dl progeny were halothane tested at 7 to 8 weeks (Webb and Jordan, 1978). 
'igs were subsequently performance tested from approximately 40 to 90Kg, on a 
restricted feed regime, and selected on an index designed to improve efficiency 
)f lean tissue feed conversion. Halothane positive (HP) animals were not 
retained for breeding. 
Data were çlivided into three sections according to the sire generation, 
)ecause of overlapping generations (Table 1). Gen.ø sires were not halothane 
tested, and were effectively present throughout the study because of the use 
)f Al boars (accounting for less than 5% of the litters). Gen. 1 sires were 
ialothane tested themselves and were largely offspring of Gen. 0 sires. Gen. 2 
;ires were also halothane tested, and all were offspring from Gen. 1. Some 
Jams were present in more than one generation, tested and non-tested females 
being mated to sires of each generation. Maximum likelihood (ML) gene fre-
uency and peretrance were estimated in each partition of the data using the 
nodel of Cannings et al (1978). The likelihood was calculated conditional on 
hialothane negative (HN) selected parents to account for selection against 
omozygous recessives, and assumed Hardy-Weinburg gene frequencies in the herd. 
rhese estimated gene frequencies and penetrances were used to estimate gene 
frequency in selected HN parents, expected incidences from HN x FIN matings, and 
the most probable genotype of sires. 
Performance test data from HP and HN pigs weie compared using Student's 
t-test. The traits considered were daily gain in Kg (DC), food conversion ratio 
(FCR), four ultrasonic backfat measurements in mm; maximum shoulder (SH), mini-
irnm loin (L), and two points 6 cm and 8 cm from the midback at the last rib 
(C and K), plus total index score. The data were divided into year categories 
which did not quite relate to the generation division because of the overlapping 
enerat ions. 
Results 
The incidence of halothane reaction decreased significantly (P(0.001) 
from 0.42 to 	0..16 o'er the study period (Fig. 1), indicating an overall 
reduction of gene frequency in the herd. Estimated gene frequencies and pene-
trances for each generation are presented in Table 2. These show that selection 
against HP animals has reduced the gene frequency from 0.70 in Gen. I to 0.58 
in Gen. 2. It is likely that the gene frequency in Gen. 0 was underestimated, 
as shown by the difference between the observed incidence and that expected 
from HW, suggesting a deviation from HW in the herd prior to Gen. 0. Estimated 
penetrance of these homozygous recessives ranged from 0.91 to 0.80, while that 
for the heterozygotes was slight (0.0 to 0.018). The degree of penetrance in 
the heterozygote was not in agreement with estimates of 0.22 obtained from an 
experimental BLR line (Carden, 1982), but was similar to that estimated from a 
survey of commercial BLR herds (Southwood et al, 1986). 
Table 3. shows the predicted frequency of the halothane gene in the 
animals used as parents in Gen. 1 and Gen. 2, given the estimated herd gene 
frequencies and penetrance values in each generation. The incidence of halo-
thane reactors expected from matings between HN parents was close to that 
observed, which supports the model used. The most likely genotype was found 
for each of the 70 sires involved in the study, 77.1% of which could be geno- 
typed with a probability>0.9 that the right assignment had been made (Table 4). 
In each generation there was an apparent excess of heterozygotes, suggesting a 
possible selective advantage. 
Differences in performance over the study period of animals included in 
the halothane test data are presented in Table 5. The overall trends in both 
riales and females were that HP animals had poorer daily gains, and slightly 
reduced fat depths relative to HN pigs, but that there were no differences in 
F'CR, or overall index scores. There was no evidence to suggest that the 
relative performance of HP pigs to UN was changing over time. As there was no 
lifference in total index score between the two groups, neither could be said 
to have an advantage, but it is likely that this reflects the predominance of 
eterozygotes in the HN group. 
jSCUSSiOfl 
It would appear from the data that selection has reduced the frequency of 
he halothane gene in the herd, and also the incidence of positive reactors. 
lowever, progress has not been very rapid, given the estimated herd gene fre-
1uencies. This may be partly explained if the initial herd frequency had been 
inderestimated, the gene no longer Segregating according to HW because of a 
;elective advantage in the heterozygote. 
If heterozygotes did have a selective advantage then it is likely that 
;tabilising select on would occur, lead ng to a situation where the gene fre-
uency was no longer reduced, but would increase slightly to an equilibrium 
;tatp with continued discrimination against reactors (Webb et al, 1985). Rel-
xation of selection against reactors would lead to an increase in gene fre-
uency. The high proportion of heterozygotic sires -in each generation and the 
Low rate of response to selection appear to confirm the advantage, but the 
ncidence of reactors in HN x HN matings continues to decline, suggesting that 
in equilibrium has not yet been reached. Herd trends are obscured to some ex-
:ent by the population structure. It appears that the gene frequency in dams 
Es lower than in sires in Gen 2, as the observed incidence of reactors in 
IN x HN matings is less than the 0.20 predicted if all the dams were also 
eterozygotic. This may indicate that the greater selection differential in 
oars leads to the selection of a higher proportion of heterozygotes than in 
ilts. Implicit in this is the presence of a measurable advantage in per-
Formance for the heterozygotes relative to the homozygotes. 
There is no direct evidence from performance test data that one genotype 
-
'as any selective advantage over the other, however the HN group consisted 
Largely of heterozygotes, which would in fact be favoured over the homozygous 
iegative animals. The index most closely reflects FCR, which was no different 
in the two groups. If heterozygotes are assumed to be intermediate in per-
formance, then relative to homozygous negative pigs they would have less fat 
and presumably more lean which would give them a selective advantage. No 
direct assessment of relative lean content can be made but previous studies 
indicate that the lean content of the heterozygote is intermediate (e.g. Webb 
et al 1982). The lack of difference in FCR between the groups would suggest 
that any differences in lean content between genotypes are small. 
There is no indication from this study of what the effects of selection 
against the halothane gene have been on rates of genetic progress in other 
desirable performance traits. However, it seems likely that in the current 
population an increase in the frequency of the halothane gene has been at 
least partly responsible for the high lean content and genetic merit of the 
stock relative to other Landrace populations as seen from MLC sib-test results 
(e.g. MLC, 1979) and indeed CPE results (MLC, 1982). 
Selection for improved lean tissue food conversion and against halothane 
reaction appears to some extent to be antagonistic. This leads to the poss-
ibility that an on-going cost will have to be suffered in order to maintain an 
equilibrium gene frequency. The situation would have to be continued until 
such a time as a reliable test for distinguishing between the heterozygote and 
homozygous negative is developed. The minimum effect of continued selection 
against HP pigs on desirable performance traits is a loss of selection diff-
erential. Should the gene be eliminated it seems likely that there is still 
plenty of variation present for continued improvement of the lean content of 
the carcass. The rate at which reduction of the gene frequency occurs is de-
pendent on the degree to which stabilising selection is occurring and also the 
degree of penetrance. Ultimately the value of any selection response must be 
weighed commercially against the cost of achieving it, and may be beneficial 
even if an equilibrium state is reached. There remains little doubt that the 
frequency of the halothane gene can be manipulated under field conditions. 
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Ti. 	Frequency Of Holothan, R.octori 
WIthin Site Generation 
Gen. Sir.. t. Litters 
Total Progeny 	Proportion HP 
0 41 603 
5121 	 0.396 
1 21 520 
4747 0.237 
2 8 94 
789 	 0.170 
Total 70 1217 
10657 0.309 
12. 	Estimated Parental Frequency Of 
one Gene 	In the Herd 
... 	 q 	 y Ge ne
tnnr 
nn Incidence HP Incidence HP Nn 
0.580.02 0.0180.007 0.910.01 
0.316 0.396 
0 
1 	0.700.02 0.0180.005 
0.820.03 
2 0.580.06 0.0 
0.800.13 
13. Estimated Gene Frequency In The Selected MN Porerits, Assuming The Herd 
Gene Frequencies And Penetrancies Calculated 
Gen. 	Gene 	 Expected Incidence HP 
	Observed Incidence HP 
Frequency 	 in MN 6 MN Motings 	
In MN x MN Matings 
1 	0.50 	 0.215 	
0.223 
2 0.43 0.144 
0.159 
14. Most Proboble Genotypes Of Sires In Gen 0,1 6 7 
Genotype 	 No. of sires 
GenO 	 Gen 1 	 Gen2 
NN 	 3 	 1 	 0 
Mn 25 19 
8 
nn 	 13 	 1 	 0 
15. Relative Performance Of Holothone Reactors And Mon-Reactors (HP-MN) 
Period Sex No. HP DG(Kg) FCR SM L C 
K Index 
A H 581 35.8 -0.03 0.04 -0.2 -0.3 -0.4 -0.5 
-Sw 
(Yeorsl-2) MS 




B H 504 31.5 -0.01 -0.02 -0.3 -0.5 
-0.5 -0.5 3B 
(Yecrs2-3) NS MS MS 
NS 
F 808 33.0 -0.01 0.01 -0.1 -0.1 -0.2 -0.2 0 
MS MS MS NS MS 
C H 521 17.1 -0.05 0.05 -0.2 
-0.2 -0.5 -0.5 -7W 
(Yeors3-4) MS MS 
MS 
F 1251 19.4 0 -0.03 -0.4 -0.4 
-0.5 -0.5 48 
MS NS MS MS 
TOTAL H 1606 28.4 -0.03 0.03 -0.1 
-0.4 -0.5 -0.5 
0. MS .•. 
F 3108 29.2 -0.01 0 0 -0.3 -0.2 -0.2 0 
MS MS ws 
